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An investigation has been conducted into titania−poly(methyl methacrylate), 
TiO2−PMMA nanohybrids derived from wet chemistry methods, aimed at 
understanding the mechanisms responsible for the amorphous TiO2 phase in 
nanohybrids and feasibilities to enhance TiO2 nanocrystallinity while maintaining the 
integrity of PMMA matrix. 
An increase in the inorganic loading from 20 to 60 wt % gave rise to a change in the 
nanostructures of TiO2 phase, from clusters of less than 2 nm to nanoparticles of ~7.0 
nm dispersed uniformly in an amorphous PMMA matrix. Further loading up to 80 wt 
%, however, resulted in TiO2 aggregates of ~100−200 nm in size. Both linear and 
nonlinear optical properties were enhanced monotonically with an increase in the 
inorganic loading from 20 to 60 wt %, followed with a fall at 80 wt %. The highest 
third-order nonlinear optic susceptibility χ(3) of 1.93 x 10-9 esu was observed for 
nanohybrid with 60 wt % loading, as confirmed by Z-scan techniques using 250 
femtosecond laser pulses at 780 nm. This is as a consequence of the desired number 
of TiO2 discrete nanoparticles in PMMA, coupled with the quantum and dielectric 
confinement effects. The largely amorphous TiO2 state is shown to relate to the fast 
development of stiff Ti−OH networks during hydrolysis and condensation, assisted by 
the PMMA entrapment.  
Templating by using poly(methylmethacrylate)-b-polyethylene oxide (PMMA−PEO) 
diblock copolymers was employed to tailor the hydrolysis and condensation, where 
the  titanium alkoxide precursors are attracted to the hydrophilic PEO domains, in 
order to enhance the nanocrystallinity of TiO2 phase in nanohybrids. Desirable 
 ix
templating was realized by dissolving PMMA−PEO in a proportional mixture of THF 
and water of 50 vol %, resulting in arrangements of TiO2 nanoparticles in the 
hexagonal-like and cubic-like hierarchical structures. Despite the highly ordered 
nanoarrays that can be achieved, the overall nanocrystallinity of TiO2 phase in 
nanohybrids remains low.  
Pre-hydrothermal treatment on the TiO2 sol precursor was performed in a further 
attempt to suppress the fast development of stiff Ti−OH. Upon mixing the pre-
hydrothermal precursor into the pre-polymerized PMMA, a strong hindrance effect 
was generated, resulting in a largely amorphous nanohybrid. In contrast, a significant 
enhancement in nanocrystallinity was achieved when a post-hydrothermal treatment 
was applied on the pre-annealed nanohybrid. This is due to TiO2 nuclei arising from 
annealing stage and subsequent rearrangement of flexible Ti−OH network upon post-
hydrothermal treatment.  
A combination of pre-annealing and post-hydrothermal conditions gave to much 
enhanced nanocrystallinity for the spin-coated nanohybrid thin films. An appropriate 
pre-annealing not only contributed to further TiO2 nanocrystallinity enhancement, but 
also helped to retain the integrity of PMMA matrix and thus film smoothness. The 
resulting nanohybrid film shows a significant increase in third-order nonlinear optical 
susceptibility, χ(3) as high as 5.27 x 10-9 esu. The observed value of nonlinear optical 
response is three times larger than that of amorphous TiO2−PMMA nanohybrid film. 
This is as a result of the much enhanced dielectric confinement generated from the 
well-established nanocrystallinity of TiO2 particles possessing higher refractive index 
and well-preserved PMMA matrix of lower refractive index.   
 
 x
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1.1.  INTRODUCTION 
This chapter provides a literature review on the titania−poly(methyl methacrylate), 
TiO2−PMMA nanohybrids, derived via in situ sol−gel polymerization. As the 
parameters involved in the sol−gel reaction largely determine the structural features 
and functional behavior of nanohybrids, an appropriate understanding has to be made 
with the sol−gel process. Therefore a brief review of the basic sol−gel chemistry will 
be given first in this chapter, followed by a general introduction to TiO2 as the 
inorganic oxide incorporated in the nanohybrids. Moreover, this chapter also provides 
a general introduction to the inorganic−organic nanohybrid materials and their 
classifications. Their optical properties will be elaborated later, as they are among the 
motivations why TiO2−PMMA nanohybrids have been selected as the subject of the 
study in this project. This will be followed by the research scopes and objectives for 
this project.  
 
1.2. SOL−GEL PROCESS 
The sol−gel process is a wet chemical route which involves the evolution of a system 
from a colloidal suspension (the “sol”) into a solid/semi-solid (the “gel”) phase. It was 
developed initially as a process to prepare pure ceramic precursors and inorganic 
glasses at low temperatures. In 1939, Geffcken of Schott Glass Company in Germany 
patented the first application of sol−gel process for coating large panes of windows 
[1]. Since then, sol−gel process has been intensively studied and practiced into 
applications to respond to the demand for advanced ceramics of high purity, well-
controlled homogeneity, and properly tailored properties, derived from ultra-fine 
powders, ceramic fibers, inorganic membranes, or aerogels. This is mainly due to 
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several obvious advantages that can be offered by the sol−gel process over the 
conventional solid state or melting processes including: (i) a lowered processing 
temperature; (ii) high purity; and (iii) feasibility of employing various post-forming 
processes [2]. Nowadays, sol−gel is widely employed for synthesizing various 
nanostructured materials [3].  
A typical sol−gel process makes use of alcoholic or other low molecular weight 
organic solutions of monomeric, metal or semi-metal alkoxide starting 
compounds/precursors M(OR)n, where M represents a network-forming element, such 
as Si, Ti, Zr, Zn, Al, Sn, Ce and B; while R is typically an alkyl group (CxH2x+1) and 
water. Metal alkoxides are popular precursors since they can react readily with water 
[4]. However, in certain cases, some inorganic salts are also employed. In a simple 
description, sol−gel reaction is said to have occurred when a metal alkoxide reacts 
with water to form a metal hydroxide which can further condense into a 
metal−oxygen−metal network, with the release of water and alcohol. The mechanisms 
involved in the sol−gel process are associated with two important reactions, namely 
hydrolysis and condensation.  
 
1.2.1.   Hydrolysis 
A hydrolysis process proceeds in three steps. Firstly, the metal cations Mz+ in the salt 
or alkoxide precursors undergo nucleophilic attack by oxygen atom in a water 
molecule. Secondly, there is a transfer of a proton from water molecule to an −OR 
group on the same metal atom. Finally, the hydroxyl group becomes attached to the 
metal atom by replacing the ligands in the precursor, accompanied by the release of 
the R−OH molecule. Such reaction in the metal cation can be modeled as follows: 







For the case of transition metal cations, charge transfer occurs from the filled 3a1 
bonding orbital of the water molecule to the empty d orbitals of the transition metal 
[5]. In general, the sequence in hydrolysis process can be represented as follows [6]: 
M(OR)4 + H2O  (HO)M(OR)3 + R−OH (1.1a)
(OH)M(OR)3 + H2O  (HO)2M(OR)2 + R−OH (1.1b)
(OH)2M(OR)2 + H2O  (HO)3M(OR) + R−OH (1.1c)
(OH)3M(OR)2 + H2O  M(OH)4 + R−OH (1.1d)
 
 
1.2.2.   Condensation  
Upon this process, the hydrolyzed molecules i.e. hydroxyl groups formed at the 
hydrolysis stage, link together and build larger metal containing molecules by 
polymerization process. The condensation process can take place by either two sub-
reactions: olation or oxolation, which can be identified on the basis of the species 
formed between two metal centers. In the former, a hydroxy or “ol” bridge (−OH−) 
connects the two metal atoms, while in the latter an “oxo” bridge (−O−) is formed, 
instead. Particularly during the oxolation process, a small molecule, such as alcohol or 
water, can be liberated as illustrated by the following scheme [6]:  







Figure 1.1.  Nucleophilic addition of metal cation by oxygen atom from water 
molecule resulting in formation of hydroxyl group (Adapted from Ref. [4]). 
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• Alcohol condensation:  
≡M−OR + HO−M≡  ≡M−O−M≡ + R−OH (1.2a)
• Water condensation: 
≡M−OH + HO−M≡  ≡M−O−M≡ + H−OH (1.2b)
 
The occurrence of the above sub-reaction implies that the hydrolysis step shown in 
reactions (1.1a−1.1d) does not need to be fully completed for condensation to start. 
Both sub-reactions (1.2a and 1.2b) lead to the same ≡M−O−M≡ bridge. Therefore 
both the hydrolysis and condensation reactions can occur simultaneously once the 
hydrolysis has been initiated. The overall reaction of hydrolysis and condensation can 










1.2.3.   Reactivity of  metal alkoxide precursors 
The number of bonds that a monomer can form is called the functionality (f). Typical 
oxide monomers are bifunctional (f =2), trifunctional (f = 3) or tetrafunctional (f = 4) 
[4]. Initially, it was thought that the degree of reactivity of metal or semi-metal atom 













M O M 









Figure 1.2.  Schematic diagram of the overall sol−gel process involving the 
hydrolysis and condensation stages (Adapted from Ref. [6]). 
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defined as the attraction strength of the electrons in a covalent bond and it varies from 
atom to atom. However, the hydrolysis and condensation reactions in the sol−gel 
process generally start with the nucleophilic addition of hydroxylated groups onto the 
electrophilic metal atoms, which results in an increase of the coordination number of 
the metal atom in the transition state. For example, during the sol−gel process 
involving tetrafunctional silicon metal alkoxide, the silicon atom becomes penta-
coordinated. With regard to this matter, Sanchez and Ribot [7] suggested that the 
reactivity of metal or semi-metal alkoxides is more governed by the degree of 
unsaturation, instead. This can be expressed as (N − Z), where N is the coordination 
number of the atom in the stable oxide network and Z is the oxidation state in the 
alkoxide. Table.1.1 lists the electronegativity, coordination number in the network 
oxide and degree of unsaturation for several metal alkoxides.  
 
 
Alkoxides χ N Z N − Z 
Si(OPriso)4 1.90 4 4 0 
Sn(OPriso)4 1.96 6 4 2 
Ti(OPriso)4 1.54 6 4 2 
Zr(OPriso)4 1.33 7 4 3 
Ce(OPriso)4 1.12 8 4 4 
Al(OPriso)3 1.61 6 3 3 
 
Silicon has zero degree of unsaturation, giving rise to silicon alkoxides being less 
reactive compared to others. By contrast, non-silicate metal alkoxides such as Ti, Zr, 
Al and B with greater unsaturation are much more reactive than silicon. Therefore this 
concept has been widely accepted to describe the main driving force for the reactivity 
Table 1.1.  Electronegativity, coordination number (N) and degree of 
unsaturation (N−Z) of selected metal alkoxides (Adapted from Ref. [6]). 
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of non-silicate metal alkoxides towards nucleophilic attack [8]. For the same R group, 
reactivities of metal alkoxides follow the sequence [7]: 
Ce(OR)4 > Zr(OR)4 > Ti(OR)4 > Sn(OR)4 >>Si(OR)4 
The nature of alkyl group (R), such as methyl, ethyl, isopropyl, tetra-butyl, also plays 
an important role in the reactivity of metal alkoxides, particularly at hydrolysis stage, 
through stearic or leaving group stability effect. Generally, the bigger or longer the 
chains are, the slower the reaction, provided other conditions being the same. For 
example, tetraethoxysilane (TEOS, R = ethyl) undergoes hydrolysis slower than 
tetramethoxysilane (TMOS, R = methyl). To control the reactivity of non-silicate 
metal alkoxides, chemical modifications are often required (details to follow in 
Section 1.7.1). 
 
1.2.4.   Role of water 
In the sol−gel process, water is an important common reactant. It affects the reaction 
kinetics and final structure of the material. The amount of water employed in a 
sol−gel reaction is normally expressed by the hydrolysis ratio, h or rw, which is the 
ratio of moles of water per mole of metal alkoxide [7]. Two moles of water are 
normally required for one mole of tetrafunctional alkoxide in the sol−gel reaction to 
enable the completion of hydrolysis process i.e., where all of the −OR groups in the 
alkoxide are replaced by −OH to form M−OH, as expressed by Equation 1.1d. By 
contrast, an insufficient amount of water leads to partially hydrolysis of metal forming 
M(OR)4-n(OH)n  as shown by Equation 1.1a−1.1c. In terms of the resulting gel 
structure, the former tends to densify the network [9], while the latter tends to 
promote a linear structure [10]. 
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1.2.5.   Role of catalyst 
The catalyst that can increase the rates of both hydrolysis and condensation in sol−gel 
reactions can be either an acid or a base. Under an acid environment, the hydrolysis 
rate is higher than that of the condensation, promoting the protonation of the 
negatively charged alkoxo group (OR) [7]. This normally promotes the development 
of more linear polymer-like molecules leading to the formation of high-density, low 
fractal dimension structures. A high acid concentration ([H+]/[Ti]→1) can rigorously 
hinder the condensation process [5]. On the other hand, a base environment generally 
leads to a higher condensation rate, leading to a dense-cluster growth producing 
highly branched, dense particulate structures [4,11−13].  
 
1.2.6.   Role of solvent 
One of the functions played by solvents during the initial stage of hydrolysis reaction 
is to prevent liquid−liquid phase separation. Varying the amount of solvent in the 
sol−gel process can result in various types of interactions leading to a change in the 
overall reaction rate. Solvents can be classified as polar or nonpolar, and as protic 
(containing removable or labile proton) or aprotic [4]. To measure the solvating 
power of a solvent, the following characteristics can be considered: (i) polarity; (ii) 
dipole moment; and (iii) the availability of labile protons. In general, the effects of 
solvent can be ranked by the sequence: (a) promoting fastest rates, non-polar, aprotic 
solvents; (b) promoting intermediate rates, polar, aprotic solvents; and (c) promoting 
slowest rates, polar, protic solvents [14].  
 
 
Chapter 1: Introduction to TiO2−PMMA Nanohybrids 
 
9 
1.3. TITANIUM OXIDE (TiO2) 
1.3.1. Applications of TiO2 
Titanium oxide or titania (TiO2) is one of the transitional metal oxides (TMO) which 
has been a subject of research and industrial interests due to its large range of 
interesting properties and technological importance. Synthetically purified bulk TiO2 
powder is widely used as the white pigment because of its brightness, providing 
whiteness and opacity to products such as paints, coatings, cements, plastics, papers, 
inks, food and tooth pastes. It plays an important role for the sterilizing, deodorizing 
and antifouling properties. Due to its high refractive index, up to ~2.70, and high 
resistance to discoloration under ultraviolet light, TiO2 is also commonly used as sun 
screen/blocker. In functional ceramic industry, TiO2 is an important starting material 
for the preparation of barium and strontium titanates, which exhibit interesting 
ferroelectric performance [15]. Moreover, TiO2 thin films have been further 
investigated for various optical applications, such as high refractive index component 
in multilayer antireflective coatings, planar waveguides and integrated optical 
amplifiers [16]. Owing to its high dielectric constant (ε >100), TiO2 thin films have 
also been investigated in the electronic industry as an alternative material for ultrathin 
gate dielectrics to silicon dioxide or oxynitride for the next generation complementary 
metal–oxide–semiconductor (CMOS) technologies [17,18]. For medical purposes, 
TiO2 has been studied as a coating for prosthetic applications [19], and highly porous 
titania is employed as drug filler, additive or carrier [20]. In other areas, TiO2 
membranes with high chemical resistance are considered for ultafiltration processes 
and liquid and gas separation [21]. Since the discovery of Fujishima and Honda [22], 
splitting of water on TiO2 electrodes under the UV light has received considerable 
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attention for a broad range of photocatalytic applications. The photocatalytic 
mechanism can be explained as follows: during UV light irradiation using photon 
energy equal to or greater than TiO2 bandgap energy (hν ≥ 3.20 eV at λ ≤ 380 nm), 
electron-hole pairs are generated and thus separated by the electric field within the 
space region near the surface. The resulting free photo-electrons and holes migrate to 
the surface and then are captured by reductants and oxidants, producing active species 
which behave like radicals. The reaction of these radicals with organic substance, 
environmental pollutants or harmful microorganisms results in the decomposition of 
the latter [23]. Considering the mechanism, one can see that surfaces or interfaces 
play an important role in photon absorption, charge-carrier trapping and transport [24, 
25]. Anpo et al. [26] reported that TiO2 nanoparticles, which exhibit a large surface 
area per unit volume and can facilitate the diffusion of excited electrons and holes 
toward the surface before their recombination, show a higher photocatalytic activity 
than that of the bulk. Further scrutiny exploration has brought the discovery of TiO2 
amphiphilic surfaces by Wang et al. [27], showing that under UV illumination TiO2 
can generate the surfaces that displays 0o contact angle for both water and oily liquids. 
Moreover, the photo-induced hydrophilicity and hydrophobicity of TiO2 have been 
intensively investigated and extended to the industrial applications such as 
antibacterial ceramic tiles, anti-fogging coatings, and self-cleaning glass [28]. Another 
noteworthy discovery with TiO2 nanoparticles and concerning their unique 
semiconductor behavior is the invention of dye-sensitized solar cell by Regan and 
Grätzel [29]. They demonstrated that films made of TiO2 nanoparticles, when 
functionalized with ruthenium complexes, could be used to make efficient solar cell 
devices. In addition, it is known that in either doped or un-doped forms, TiO2 tends to 
lose oxygen and becomes nonstoichiometric, even in mildly reducing atmospheres. 
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Being a semiconductor, its electrical resistivity can be correlated to the oxygen 
content in the atmosphere to which it is exposed. Therefore, TiO2 in nanocrystalline 
forms is able to detect the amount of oxygen or reducing species present in an 
atmosphere, serving as one of the promising chemical/gas sensors [30-32]. 
 
1.3.2.   Crystalline structures of TiO2 
Titanium oxide can naturally crystallize in three polymorphs, namely rutile, anatase, 
and brookite [33]. Rutile and anatase are both tetragonal in structure, whereas 
brookite structure is orthorhombic. Anatase and brookite are metastable phases, while 
rutile is the stable one. Thermodynamically, both the metastable phases become the 
stable rutile when subjected to annealing process at temperature higher than 700 oC 
[34]. It has been shown that thermal treatment under H2 environment could enable the 
phase transition from anatase to rutile at a relatively lower temperature, i.e., 500 oC 
[35].  
All three titania polymorphs consist of TiO62- octahedra. However, the manner by 
which these octahedra bond to each other by sharing edges and corners are different in 
rutile, anatase, and brookite. In rutile, two opposite edges of each octahedra are shared 
forming a linear chain along the (001) direction. The linear chains are linked to each 
other by sharing corner oxygen atoms [15].  If each TiO62-octahedron is represented 



















By contrast, anatase has four edges shared per octahedron and no corner oxygen 
sharing. Its structure can be viewed as zigzag chains of octahedra, linked to each other 
through shared edges. As shown by Figures 1.3b and 1.3c, there are two possibilities 
of the basic growth units for anatase: (a) two edges are shared per octahedron forming 
a right-angled configuration; and (b) the third and fourth edges are shared into and out 
of adjacent layers [37]. In brookite, the octahedral linkages are arranged in such way 
that three edges are shared per octahedron [38]. The fundamental structural unit of 
brookite is shown in Figure 1.3d. 
Figure 1.3.  The basic structural unit of (a) rutile, (b) and (c) anatase, and (d) 
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1.4. INORGANIC−ORGANIC HYBRID MATERIALS  
There is no doubt that in recent years, inorganic−organic hybrid nanocomposites have 
attracted considerable interests in the international materials research community. The 
word “nano” comes from the Greek, meaning “dwarf”. Starting from the development 
of International System Units (SI) in 1960, nano- has been accepted as a prefix with 
symbol n to denote a factor of 10−9. As the name suggests, therefore, hybrid 
nanocomposites can be considered as a solid structure with nanometer-scale repeating 
dimensions between the different phases that constitute the structure. These materials 
typically consist of an inorganic host solid containing an organic component or vice 
versa. They consist of two or more inorganic/organic phases in certain combinatorial 
forms with the constrain that at least one of the phases has one dimension of less than 
100 nm in size and possesses one or more functional properties [39]. The term 
‘nanocomposites’ was firstly proposed by Theng in 1970 [40] and following to this, 
“nanostructural composites”, “hybrid nanocomposites” and “nanohybrids” are the 
terms used interchangeably in the published works. Sanchez and Ribot [7] suggested 
that the term “hybrids” refers to either homogeneous systems derived from monomers 
and miscible organic and inorganic components, or heterogeneous systems 
(nanocomposites) where at least one of the component domains has a dimension 
ranging from angstroms to several nanometers. 
The involvement of nanocomposites in the history of human life is not new. 
Undeniably, a countless number of hybrid materials containing bio-organic and 
inorganic compartments at the nanoscales have been being produced actively by 
Mother Nature for the past five hundred million years. For instance, crustacean 
carapaces, mollusk shells/bone or teeth tissues in vertebrates have demonstrated the 
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construction of smart natural materials, where a synergy between different properties 
and functions (mechanics, density, permeability, color) are combined into a single 
material [41]. This is what in nowadays nanoscience and nanotechnology termed as 
miniaturization, the theme of which was first scientifically pointed out further by 
physicist Richard Feynman [42] as early as 1959 in his often cited lecture entitled 
“There’s Plenty of Room at the Bottom”.  
Based on several archaeological discoveries, it is well-known that the creation of 
multi-phase nanocomposites have also been practiced by ancient civilizations, 
although such conceptions of enhancing properties and improving characteristics of 
materials was most likely the result of a fortunate accident. One remarkable example 
is the “Maya blue”, found as Bonampak (painted walls) at a site in eastern Mexico in 
1946. In addition to its impressive beautiful bright blue tones resembling the shades of 
Caribbean Sea, the most outstanding feature of this painting is its durability to 
withstand the harsh jungle environment over more than twelve centuries. Only after 
five decades from its archaeological discovery, modern characterization techniques 
have revealed that Maya blue is not a copper mineral nor any natural lazurite pigment 
as initially thought. It is an inorganic−organic hybrid material with molecules of the 
natural indigo blue dye encapsulated within the channels of a palygorskite clay 
mineral [43]. The synergistic effect between the organic pigment and inorganic 
micropores in this man-made material has shown the properties and performance well 
beyond those of a simple mixture of its components. Another interesting example is 
the Lycurgus cup, which was manufactured by a Roman glassmaker in the 5th to 4th 
century BC, depicting the death of King Lycurgus [44]. The uniqueness of this artifact 
lies on its color, i.e., it appears red in transmitted light and green in reflected light. 
The secret behind this unique effect is the presence of very small amount of tiny (~70 
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nm) metal crystals containing gold and silver nanoparticles embedded in soda lime 
glass matrix. They result in a selective absorption of incident light through the so-
called surface plasmon resonance, which is an oscillation of conduction electrons in 
response to the alternating electric field of incident electromagnetic radiation at a 
particular wavelength. 
Moreover, it shall be noted that the paint and polymer industries in 1950s played an 
important role to provide a good link between Mayas and modern applications of 
hybrid materials. The fabrication of the earliest modern hybrid materials was initiated 
with the incorporation of inorganic pigments or fillers into organic components such 
as solvents, surfactants, and polymers to improve the mechanical and optical 
properties [45]. Although the formal terminology of “inorganic−organic hybrid 
materials” was not yet very popular during this era, such achievement has 
successfully brought the commercial hybrid inorganic−organic polymers as part of the 
manufacturing technology. In this sense, further explosion on the concept of 
“inorganic−organic hybrid nanocomposites” and thus mushrooming field of 
investigation on this area was inevitably related to the birth of soft inorganic sol−gel 
chemistry processes or “Chimie Douce” in the eighties. This can be related to a 
question why these hybrid materials are much more interesting than macro/micro 
composites. Such an answer can be addressed back to the nature of nanophase 
involved. Due to their ‘dwarf’ sizes in the range of 1−100 nm, the nanostructural 
object in the hybrids is considered as discrete components made of atoms and 
molecules, rather than continuous media. Consequently, some material properties 
such as fundamental electronic, magnetic, optical, chemical, and biological processes 
are affected by the laws of atomic physics, rather than behaving as traditional bulk 
materials do. The reason behind this unique phenomenon is based on the fact that the 
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small feature size ensures that many atoms, perhaps half or more in some cases, will 
be at or near the interfaces. The existence of the vast interface between the 
nanoclusters and the surrounding medium results in surface properties which are quite 
different from those of the interior states. As a consequence, the resulting 
nanocomposites materials can provide unique combinations of properties which are 
unachievable with traditional single-phase materials. Since the interaction between the 
phases involved occurs at a molecular level, the concept of hybrid inorganic−organic 
nanocomposites has more to do with chemistry rather than with physical mixtures. In 
this sense, with its ability to facilitate an intimate interaction between the organic-
inorganic constituents at the nanometer scale, processing versatility of the colloidal 
state, and low processing temperatures, the sol−gel technique is well considered as 
one of the most suitable processes to support the development of modern 
nanocomposites. However, several challenges remain in this field, including 
controlling and tailoring of the desired nanostructures, their size and size distribution, 
and dispersion of the nanosize phases. In the past several years, several interesting 
novel hybrid materials have been realized and they are reported to exhibit promising 
properties, including tunable mechanical and much improved optical properties [46], 
excellent photostability and laser efficiencies [47], fast photochromic response [48], 
high and stable second-order nonlinear response [49], pH sensing [50], and 
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1.5. CLASSIFICATION OF NANOHYBRID MATERIALS 
Nanohybrids can be classified in several ways, for example on the basis of their 
components, or the nature of the chemical interactions and applications. Chemical 
composition, for example, is one important parameter, since different compositions 
lead to nanohybrids with distinctive physico−chemical behaviors and profoundly 
different properties [7]. Based on this criterion, there are two types of hybrid 
materials, i.e:   
• Inorganic or organic doped systems where the major phase contains a second 
one in relatively low amount, generally less than 1%; 
• Inorganic−organic systems where the fraction of each component in the 
system is of the same order of magnitude. These include systems where one of 
the components is present at levels higher than 10%.  
Nevertheless, the so-called hybrid inorganic−organic materials are not simply 
physical mixtures. Quantity percentage is not always a relevant criterion for 
classification. It is obvious that properties of inorganic−organic nanohybrids are not 
only the sum of the individual contributions, but also contributed by the predominant 
role of their interfaces. For nanoparticles or clusters in such a small regime of 
nanometer range, a large percentage of atoms are on or near their surfaces. For 
example, a CdS cluster of 5 nm has ~15 % its atoms being on and in association with 
its surface [52]. The existence of the vast interface between the nanoclusters and the 
surrounding medium, including the defects entrapped between them, can have a 
strong impact on the properties of the cluster and the nanohybrids. Based on this 
understanding, therefore the nature of the interface and the interactions exchanged by 
the inorganic and organic components has been well adopted by the scientific 
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community to categorize these nanohybrids. According to this concept, the different 
inorganic−organic nanohybrids can be classified into two broad families [7]:  
• Class I, which include the systems where no covalent or ionic−covalent bonds 
are present between the organic and inorganic components. For such materials, 
the various components exchange only weak interactions such as hydrogen 
bonding, van der Waals contacts or electrostatic forces; 
• Class II, which include the systems where the inorganic and organic parts are 
linked through strong chemical bonds, i.e., covalent, ionic−covalent or 
acid−base bonds.  
Apart from the above classifications, nanohybrids can also be categorized into many 
forms depending on the constitutive materials involved and the respective potential 
applications, for example, metal and ceramic nanohybrids, bio-mimetic nanohybrids, 
and polymer-based and polymer-filled nanohybrids. In many examples, functional 
nanohybrids often refer to those with one or more ceramic or metallic phases in a 
polymeric matrix. In addition, one could consider the nanostructured phases contained 
in nanohybrids as zero-dimension (0D) such as embedded clusters, one-dimension 
(1D) such as nanotubes, two-dimension (2D) such as nanoscale film, and three-
dimension (3D) such as embedded network. As a consequence of the complex 
interplay between these building blocks and the interfaces between them, various 
types of primary and secondary bonding can be developed, leading to materials with 
novel and unique properties for electrical, optical, structural, or other related 
applications.  
 
Chapter 1: Introduction to TiO2−PMMA Nanohybrids 
 
19 
1.6. HIGH REFRACTIVE INDEX NANOHYBRIDS 
In recent years, there has been an increasing demand for high-performance, high 
refractive index materials to be incorporated in optical devices, such as planar 
waveguides, imaging sensors, flat panel displays, optical sensors, high-brightness 
light emitting diodes (LEDs), photonic circuits, diffraction gratings and optical data 
storage [53]. Application of high refractive index films into the light-emitting or light-
sensing portion of these devices can improve or maximize their performance. 
Increased efficiency and image quality, for example, can be obtained with a more 
gradual transition from the high refractive index of the active circuitry to air or low 
refractive index package layer, enabling light to be coupled into or out of the device 
more effectively. Consequently, the devices can be more powerful while consuming 
lesser energy.  
From a technical standpoint, an appropriate interaction of film coating with devices 
can lead to an excellent durability, low cost and high transparency. Transparency of 
the coating layer is very essential to guarantee a minimum macro/micro-scattering 
giving rise to the undesired optical propagation loss. With regard to these criteria, 
transparent polymeric materials indeed can be considered as a potential candidate. 
However, most of the pristine polymers exhibit a low refractive index (no), which is 
the major drawback for the application. Polycarbodiimide resin has been reported to 
exhibit high refractive index; however the value is still limited to ~1.70 [54]. Since 
many of the optical devices are made of semiconductor materials that have refractive 
indices as high as 2.50 to 3.50, therefore the desired refractive index of such 
transparent coating films should be at least 1.80 and more preferably greater than 1.90 
over the entire visible region [53].   
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Among the alternatives, inorganic materials such as titanium dioxide (TiO2), 
zirconium dioxide (ZrO2) and zinc oxide (ZnO) thin films have been considered, since 
they exhibit high refractive index and high transparency. For example, TiO2 shows a 
refractive index of 2.50 and 2.75, depending on its polymorphs, i.e., anatase and 
rutile, respectively. On the one hand, physical methods such as sputtering is a well-
known technique currently used to deposit high refractive index thin films from these 
metal oxides; however they are of high cost and low production efficiency. On the 
other hand, the sol−gel process has been explored for a long period of time, due to its 
versatility, i.e., low temperature involved, low cost, high purity and freedom to 
impregnate the precursor with a variety of additives to modify the optical behavior. 
Indeed, several studies have investigated SiO2 and TiO2 for optical applications, 
including optical guides [55-59]. A slab waveguides made of sol−gel derived 
inorganic SiO2−TiO2 nanocomposite (50/50 wt %) has been reported to exhibit less 
than 0.5 dB/cm optical loss at 633 nm in wavelength [59]. However, it is difficult to 
prepare crack-free films thicker than 0.2 µm since a large shrinkage occurs during 
thermal densification [60]. A too thin film is not suitable to guide modes in the 
waveguides and some other applications. In contrast, if a rather thick film of solely 
inorganic sol−gel derived material was made, it could be very porous due to the 
removal of water and alcohol through condensation and evaporation. As a 
consequence, the material exhibits considerably poor mechanical properties and 
furthermore if the pore dimensions are compatible with the wavelength of the light, 
scattering losses would be high [61]. Uncracked thick films could be obtained by 
multiple depositions; however various inhomogeneities, defects, and particularly 
impurities could be easily introduced, which in turn affect their optical and scattering 
properties. 
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Therefore, in order to overcome the drawbacks encountered by either the inorganic or 
organic coatings, a hybrid material with the merits of both has been thought as an 
alternative. With incorporation of organic polymer segments into the inorganic 
network, the problems with shrinkage can be alleviated and hence crack-free and 
thick enough high-refractive index films can be produced. More importantly, the 
resulting hybrid material can combine the advantages inherited from both inorganic 
(chemical resistance, thermal stability, mechanical strength, and scratch resistance), 
and organic components (lightweight, impact resistance, and processability). These 
hybrid materials have been termed ormocers (organically modified ceramics) or 
ormosils (organically modified alkoxysilanes) by Schmidt [62], and ceramers 
(ceramic polymers) by Wen and Wilkes [6]. Indeed, an increasing amount of research 
is being intensively focused on these nanohybrid materials.  
Nevertheless, it has been realized by many researchers that one of the major 
challenges in the realization of transparent inorganic−organic nanohybrid materials is 
the proper control of interactions between the inorganic and the organic constituents 
at the nanometric scale. It is essential that the incorporation of the former into the 
latter occurs without any micro phase separation, in order to guarantee a 
homogeneous and transparent hybrid. In addition, it is known that the interaction 
between the organic and inorganic segments strongly affects the phase behavior and 
properties of hybrid materials. Hydrogen bonding or covalent bonding can prevent 
phase separation [6]. Based on this consideration, the nanostructure can be achieved 
via wet chemistry process, instead of dry method such as direct melt-mixing. Indeed, 
pulverized inorganic particles spontaneously agglomerate in resin binder, due to their 
high surface energy [63].  Several wet chemistry approaches have been developed to 
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enable the dispersion of inorganic nanoparticles in polymers without undergoing 
agglomeration.  
The first notable approach is solution mixing, which involves both nanoparticles and 
polymer being dispersed in the solution, instead of mixing them as the solid phases. 
For example, Matijevic and coworkers [63] have successfully synthesized a 
transparent nanocomposite containing TiO2 nanoparticles in a polymer matrix 
consisting of propylene glycol methyl ether acetate (PMA) and poly(3-hydroxy-2,3-
dimethylacylic acid)(PDAA). Particle agglomeration was effectively prevented with 
modification of the particle surface with red dye, prior to mixing with the polymer. 
The film formation was obtained by spin coating the solution on glass substrate, 
followed by curing at low temperature.  
The second notable approach is in situ polymerization, which involves the dispersion 
of nanoparticles in the monomer solution. The resulting mixture is then polymerized. 
Via this approach, different types of nanocomposites have been processed, for 
example silica (SiO2)−Nylon6 [64,65], silica−poly(2-hydroxyethylmethacrylate) [66], 
alumina−poly(methylmethacrylate) [67], titania−poly(methylmethacrylate) [68], and 
CaCO3−poly(methylmethacrylate) [69].  
The third notable approach combines both in situ formation of the inorganic 
nanoparticles via sol−gel process and in situ polymerization of the organic monomer. 
This approach is well-known as in situ sol−gel and polymerization. The important 
factor to consider is the control of hydrolysis process of the inorganic precursors such 
as metal alkoxides. The hydrolysis rate must be slowed down to prevent premature 
precipitation. A homogeneous and clear pre-hydrolyzed sol is essential prior to 
mixing process with pre-polymerized organic monomer, in order to prepare a 
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transparent nanohybrid solution and thus the solid film. Guglielmi and Cartouran [70] 
have pointed out that hydrolysis is the main step in the transformation of metal 
alkoxides as the inorganic precursor to form oxides. From this point of view, 
therefore, silica precursor, such as silicon alkoxide or tetraethoxysilane (TEOS), has 
been employed as the inorganic component due to its relatively slow and controllable 
reaction rate (hydrolysis and condensation). In order to improve the interfacial 
interaction between inorganic and organic moieties, alkoxysilanes functionalized 
polymers have been utilized. Principally, alkoxysilanes are used as the precursors and 
the organic groups X are introduced into the inorganic network through the ≡Si−C− 
bond in an alkoxysilane [6]. This facilitates a strong cross-linking reaction with the 
inorganic fillers and thus effectively retards phase separation. Hence transparent 
hybrid film can be achieved. Via this approach, a number of polymers have been 
successfully incorporated into silica networks, including poly(dimethylsiloxane) 
[71−80], poly(tetramethylene oxide) [81−86], poly(ether ketone) [87], polyoxazolines 
[88], polyimides [89−92], and acrylate polymers [93,94]. For silica−polymer 
nanocomposites, in situ sol−gel and polymerization have proven versatile in 
controlling of the inorganic−organic interactions at various molecular, nanometer and 
micrometer scales [95, 96].  
 
1.7. TITANIA−POLYMER NANOHYBRIDS 
Despite their excellent transparency, silica−polymer nancomposites have not yet been 
developed as a strong candidate for high refractive index applications. This is 
apparently related to the fact that silica on its own only possesses a refractive index 
(no) of ~1.457 (at λ = 589.3 nm) [97], which is even lower than that of pristine 
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polymers, such as poly(methylmethacrylate) (no = 1.49), polystyrene (no = 1.60) or 
polyimide (no = 1.662 ). Due to this reason, the attempt with the in situ sol−gel 
derived nanohybrids is to replace silica with those of transitional metal oxide (TMO) 
group, which have significantly higher refractive indices. Obviously, TiO2 is of 
interest because of its high refractive index which can reach up to ~2.70.  
 
1.7.1.   Precursor modification 
The synthesis process required for titanium oxide precursor is much more 
complicated than that of silicon alkoxides, due to the high reactivity of titanium 
alkoxides which makes their hydrolysis−condensation and the corresponding sol−gel 
transformation very fast and thus difficult to control. Therefore, in order to prepare a 
transparent hybrid with titania as the inorganic moiety, measures must be taken to 
slow down the hydrolysis and condensation to obtain a stabilized sol solution, where 
the inorganic networks remain swollen by the solvent.   
There are several routes via which sol−gel transformation of transition metal 
alkoxides can be controlled. Firstly, controlling both the hydrolysis and condensation 
can be done by addition of concentrated inorganic acid, such as hydrochloric acid 
(HCl) [11]. The nucleophilic species resulted from hydrolysis process i.e., titanium 
hydroxide (Ti−OH) is protonated by H+ ions of the acid, thus causing selective 
inhibition of condensation reaction [5]. Secondly, an addition of the chelating agents 
such as β-diketones, carboxylic acids or complexing ligands, can control the 
condensation process [98−100]. With these agents, titanium precursors can form 
complexes and thus become less-reactive towards hydrolysis. However, the retention 
of the chelating agent in the resulting hybrid material adversely affects its optical 
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properties. For example, the use of acetylacetone or 2,4-pentanedione in TiO2 thin 
film causes a strong absorption band in the visible region and a high optical loss at 
633 nm. This is due to the presence of residual complex although the sample was 
annealed at 300 oC [60]. In order to avoid the involvement of acetylacetone, an 
alternative approach, so-called chemically controlled condensation (CCC), was 
introduced by Schmidt and Seiferling [101]. Practically, it employs ethanol and acetic 
acid to prepare a stabilized titanium precursor. Acetic acid slowly reacts with ethanol 
to form an ester and water. The latter thus contributes to hydrolysis reaction of 
titanium alkoxide. FTIR and NMR studies performed by Deouff et al. [102,103] 
showed that acetic acid reacts with titanium alkoxide to form a stable acetyl 
compound namely titanium oxoacetate, TiO(OAc)2 through an exothermic reaction. 
Via this route, Yoshida and Prasad [60] fabricated optical waveguides consisting of 
SiO2−TiO2−poly(vinylpyrrolidone) nanocomposites. At low TiO2 concentration (~20 
wt % or less), a transparent film with low optical loss was successfully manufactured. 
However, as the TiO2 concentration was increased up to 40 wt %, large TiO2 particles 
cannot be avoided and hence resulted in severe scattering. At high titanium alkoxide 
content, acetic acid is required for stabilization. However, this can lead to excessive 
water molecules. This in turn causes a reverse effect on the stabilization of titanium 
precursor and thus uncontrolled condensation occurs, leading to formation of TiO2 
precipitates. Thirdly, controlling the hydrolysis and condensation of titanium 
precursor can be obtained by a slow addition of water containing acidified 
isopropanol instead of water and acid. This has been practiced by Wang and Wilkes 
[104], in preparation of transparent poly(tetramethylene oxide) (PTMO)−titania and 
poly(tetramethylene oxide) (PTMO)−zirconia hybrids. Taking into account that 
titanium alkoxide is very sensitive to moisture, Mauritz et al. [105] proposed a control 
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in the humidity through limited water adding rate for poly(n-butyl 
methacrylate)−titania hybrid.  
Via the approaches described above, various titania−polymer hybrids have been 
successfully synthesized. Wilkes and coworkers [106] reported high refractive index 
titania−poly(arylene ether kethone)(PEK) and titania−poly(arylene ether sulfone) 
(PES). Depending on the titania loading, the refractive index of the titania−PES and 
titania−PEK were in the range of 1.60−1.75. This is similar to what they obtained 
with titania−PTMO hybrid system [104]. A study using small-angle x-ray scattering 
(SAXS) was performed by Huang and Wilkes [81] on titania−PTMO system, showing 
the existence of inorganic microphase separation on a very localized scale. Other 
titania-based polymer hybrids that have been developed include titania− 
poly(dimethylsiloxane)(PDMS) [80], titania−polyimide [90,107,108], titania− 
poly(phenylene terephtalamide) [109], titania−poly(vinylacetate)(PVAc) [110], 
titania−epoxy [111,112], titania−poly(vinyl butyral)(PVB) [113], titania−poly(styrene 
maleic anhydride) [114], titania−poly(methyl acrylate-co-itaconic anhydride) [115], 
titania−poly(vinylpyrrolidone) (PVP) [116,117], titania−poly(phenylenevinylene) 
(PPV) [118], titania−poly(vinyl alcohol) (PVA) [119,120], and titania−poly(styrene) 
(PS) [121,122]. 
 
1.7.2.   High refractive index titania−PMMA nanohybrids 
Poly(methylmethacrylate), or PMMA in short has been studied extensively for many 
potentially new applications. It is a polymer which is well-known for its excellent 
transparency, i.e., it can allow 92% of sunlight to pass. Therefore it has been used as a 
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replacement for glass. For example, PMMA windows can be made as thick as 13 
inches (33 cm) without losing the excellent transparency.  
In search for transparent high-refractive index coating films, nanohybrids consisting 
of TiO2 nanoparticles embedded in PMMA matrix have been intensively investigated 
in the past several years. This is indeed so by considering the advantages from both 
TiO2 and PMMA as well as their interfaces. Although the refractive index of PMMA 
is largely limited to 1.49, its excellent transparency and ease of processing make it a 
suitable coating medium for optical applications, in comparison to other polymers 
possessing higher refractive indices such as polyimide groups. Although polyimides 
are well-known for their excellent refractive indices, which can reach values up to 
1.66−1.70 [54,123,124], however they have some serious drawbacks. These include 
the formation of highly colored species arising from charge transfer complexes and 
poor solubility in most common organic solvents such as toluene, benzene, and 
tetrahydrofuran (THF). Due to their highly aromatic nature, most polyimides are only 
soluble in a few aggressive solvents, such as N-methylpyrrolidinone, 
dimethylformamide, dimethylacetamide, and  γ-butyrolactone.  
The first attempt to synthesize transparent PMMA/titania nanohybrids via in situ 
sol−gel polymerization was pioneered by Zhang et al. [125]. In order to prevent 
premature precipitation of TiO2 particles, titanium alkoxides were modified with 
chelating agents such as acrylic acid or allyl acetylacetone. Furthermore, their 
synthesis route involved the hydrolysis of pre-modified inorganic precursor with a 
mixture solution of water, ethanol and nitrate, followed by the addition of organic 
monomers to be chemically bonded to the titania network. The interaction between 
the inorganic and organic moieties was investigated step by step using Fourier 
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transform infrared (FTIR) spectroscopy. They showed that acetylacetonato groups 
bound to titanium remain in the final hybrid materials. This alters the structure of the 
final network and affects the optical properties [6]. In addition, the resulting 
nanohybrids were bulk and porous with the pore sizes ranging from 10−100 nm, as 
confirmed by field emission scanning electron microscope (FE-SEM). However, the 
optical properties such as refractive index (no) and absorption coefficient (k) were not 
investigated deeply in Zhang et al.’s work. It was simply reported that the samples 
could show a unique thermo-chromic effect that neither titania nor PMMA exhibit. 
This was a change in color reversibly when the samples were heated or cooled.  
In order to avoid the problems raised by chelating ligands, Chen et al. [126] 
synthesized trialkoxysilane-capped PMMA−titania hybrid films, where 3-
(trimethoxysilyl)propyl methacrylate or MSMA was used as an alternative coupling 
agent. The successful use of MSMA as a coupling agent has been reported previously 
by Huang and Qiu [127] for acrylate−silica hybrids. The titania−PMMA films 
demonstrated a strong chemical bonding between the building constituents and no 
phase separation occurred, as revealed by the FTIR studies. This is further confirmed 
by UV−Vis spectroscopy showing that the value of absorption coefficient is almost 
zero for the films in the wavelength of 400−900 nm, indicating their excellent 
transparency. In addition, AFM studies showed the hybrid films have an excellent 
planarization in comparison to titania film. Their refractive indices were reported in 
the range of 1.505−1.553, with a successful incorporation of titanium alkoxide 
precursor from 10 to 33 wt %. This is considerably improved in comparison to that of 
PMMA. However, an attempt to further improve refractive index by further adding 
titania precursor was not possible, due to the gellation of the solution before spin 
coating into a thin film. Chen and co-workers [128] suspected this was due to the fast 
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reaction of titanium alkoxide precursor caused by the acid catalysis and insufficient 
polymerization solvent. In their further work, therefore, they employed a new reaction 
scheme by using acid-catalyst-free polymerization [128]. The modified procedure was 
based on a hint proposed by Brinker and Scherer [4],  suggesting that the hydrolysis 
and condensation reactions of titanium alkoxide or Ti(OR)4 can still be carried out 
without the presence of  acid catalyst. Besides, in order to avoid gellation, the 
concentration of titanium alkoxide was very much diluted by adjusting the amount of 
THF as one of the solvents involved in the reaction mixture. The refractive indices of 
the resulting hybrid films were reported to be significantly enhanced in the range of 
1.590−1.867, when the titanium alkoxide precursor was successfully raised from 40 to 
90 wt %.  
It should be noted, however, on top of the success with increasing titania content and 
thus refractive index of the hybrid films, Chen et al.’s investigation [126,128] could 
not provide any direct evidence of nanostructural characteristics for TiO2 
nanoparticles including their crystallinity, size and size distribution. Their SEM study 
showed little appearance of TiO2 domains. The most likely reason is that TiO2 was in 
an amorphous state and thus presents as very small size clusters. This is most 
obviously seen from the wavelength of UV absorption edges of the hybrid films 
which are located in the range of 230−311 nm. They are blue-shifted in comparison to 
the value of bulk titania which is ~398 nm. Such a phenomenon is well-known as the 
quantum size effect, which is a common characteristic nature of the ultra-fine 
inorganic nanoparticles possessing crystallite sizes close to their Bohr radius [129]. 
Further confirmation can be assessed from the fact that the absorption maximum of 
their hybrid films is shifted to higher wavelengths as the titania content increased. As 
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reported by Anpo et al. [26], the shift of peak maximum becomes significant only 
when the TiO2 particle size is less than 10 nm. 
Based on their FTIR studies, Chen and et al. [126,128] observed that a large amount 
of Ti−OH groups representing the amorphous state of titania phase still remain in the 
hybrids. They suggested that it was due to insufficient curing/annealing temperature 
(150 oC) since a temperature of higher than 400 oC is required for the formation of the 
inorganic TiO2 phase. Increasing annealing temperature to this point, to enhance the 
crystallinity of TiO2 phase, is not possible due to the thermal stability of acrylic 
matrix. Having motivated by this fact, Chang and Chen [130] tried to replace PMMA 
with aminoalkoxysilane-capped pyromellitic dianhydride (PMDA), which is a highly 
thermally stable imide polymer. PMDA was reacted with the coupling agent 
aminopropyltrimethoxysilane (APrTMOS) to form aminoalkoxysilane-capped diamic 
acid which is further combined with titanium isopropoxide. Indeed, the resulting 
hybrids could withstand an annealing temperature up to 300 oC without any damage 
on the organic matrix. However, again there was no indication whether the inorganic 
titania domains have been established up to the size that can be observed by FE-SEM. 
In addition, the residues of the coupling agents between the diamic acid and titanium 
isopropoxide were produced in the hybrids with high titania contents, which affected 
their thermal and optical properties. This limits the loading of titania precursor to a 
maximum 66.3 wt % only and the resulting refractive index was 1.780. These values 
are even lower than the previously achieved with the titania−PMMA system, i.e., the 
maximum loading of 90 wt % and respective refractive index of 1.867.  
Another study of titania−alkoxy silane capped PMMA nanohybrid thin films was 
further performed by Yeh et al. [131]. Instead of MSMA, 2-hydroxyethyl 
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methacrylate (HEMA) was used as the coupling agent. However, only a maximum 
loading of 60 wt % titania precursor could be incorporated into the nanohybrid, 
resulting in a refractive index of 1.550 for the hybrid film. The authors did not discuss 
deeply the reason why a higher titania content in the hybrids could not be achieved. It 
is highly likely that the incorporation of titania precursor was limited by micro-phase 
separation between the inorganic and organic moieties due to the absence of ≡Si−C− 
bonds in HEMA, in comparison to MSMA in the titania−trialkoxy silane capped 
PMMA reported by Chen et al. [126]. The important role of ≡Si−C− bonds can be 
viewed from the general principle that a successful organic−inorganic phase 
integration can only be obtained if the organic groups have been chemically bonded 
with some segments of the inorganic component [6]. It should be noted also that Yeh 
et al. [131] used acetyl acetone as the chelating agent to stabilize titanium butoxide 
precursor. The presence of any remaining acetyl acetone in hybrids is known to be 
deteriorative to hybrid structure and optical properties. The same loading of titania 
precursor (60 wt %) thus provided a rather low refractive index (1.550), as compared 
to that of Chen et al. [126]. 
An important breakthrough towards the formation mechanism of TiO2 phase in the 
amorphous acrylic matrix was attributed to the studies performed more recently by 
Wu et al. [132,133]. The material under their investigation was (3-
methacryloxypropyl) trymethoxysilane (MPMS) capped acrylic−titania hybrid, 
synthesized by using similar in situ sol−gel polymerization method as other 
researchers did. The importance of the works laid on the use of small-angle X-ray 
scattering (SAXS), supported by atomic force microscopy (AFM), dynamical 
mechanical analysis and UV−Vis spectroscopy, to confirm the effects of the 
processing parameters i.e., titania content, amount of water, nature of catalyst and 
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ratios of mixed solvents of butyl acetate and ethanol, on the resulting structure and 
properties of hybrid materials. By using the morphological model proposed earlier by 
Wilkes et al. [85], Wu et al. [132,133] suggested that the presence of very fine sized 
inorganic phase in the hybrids with low titania content could be judged from the 
observed weak scattering intensity. The low SAXS signal was related to minimum 
phase separation between the inorganic and organic moieties, and occurred as a result 
of the restriction of inorganic phase in the open regions of the “mesh” produced by 
the cross-linked polymer. By contrast, an increase in titania content led to more free 
inorganic networks which are capable of diffusing out from the mesh regions. The 
increase in the size of inorganic particles at the polymer chain ends and thus longer 
interdomain spacings provide a greater relative electron density difference between 
the two phases, which is responsible for the higher scattering intensities in the SAXS 
spectra. The same mechanism was applicable to explain the higher scattering 
intensities due to larger amount of water, base catalyst and a higher ratio of butyl 
acetate to ethanol. With the SAXS studies on silica−titania−PTMO hybrids with 
various molecular weights and swelling conditions of the oligomers, Wilkes et al. [85] 
suggested that the interference peak in the observed SAXS behavior is governed by 
the interparticle scattering (average distance between domains) rather than 
intraparticle one.  
There are two important points that can be taken into account from the investigation 
of Wu et al. [132,133]. Firstly, the Wilkes’ model of the inorganic phase restriction in 
the open regions of polymer networks is a useful clue to explain the mechanism 
behind the low crystallinity of TiO2 phase in the acrylic polymer matrix, which has 
been previously encountered by other researchers using the same hybrid system [125, 
126,128,130,131] and other titania−polymer hybrid systems derived from in situ 
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sol−gel polymerization [80,81,90,104-118]. Secondly, it is noteworthy that SAXS 
measurements of Wu et al. [132,133] were performed on the hybrid samples which 
were only dried at room temperature, suggesting that the acrylic polymer was not yet 
fully-polymerized. Indeed, this condition provided some flexibility for the titania sol 
precursors which have been hydrolyzed under the condition of above mentioned 
parameters to enter the open regions of polymer mesh, retain their sol behavior and 
furthermore undergo microphase separation accordingly. Such small changes in the 
growth of inorganic phases in the polymer matrix, which are present as the short-
range order of titania-rich domains, was therefore still observable since SAXS can 
provide information on any systematic fluctuations in the average electron density of 
a scattering source with a scale length of about 5−100 nm. In this sense, although the 
observed SAXS profiles can provide significant information on the sizes, fractal 
nature and dimensions of the inorganic domains, it is still unclear whether they are 
still in the form of amorphous Ti−OH, or have transformed into crystalline TiO2, or in 
a mixed form of both phases. With regard to this condition, it is of importance to note 
that for the purpose of optical measurement, Wu et al. [132,133] annealed their hybrid 
samples at 250 oC for 1 hour. The expectation was that the amorphous phase could 
convert into crystalline TiO2, in accordance to the sol−gel parameters (water ratio and 
type of catalyst/pH value) and thus the resulting difference in crystallinity would 
bring significant effects on the optical properties. However, the heating process 
carried out above the glass transition temperature of the acrylic resin (~106 oC) had 
fully polymerized the monomers and thus changed the nature of inorganic and organic 
domains in the hybrids to be different from those of SAXS studies. It can be 
obviously seen from UV−Vis spectroscopy, which shows no significant difference in 
the transmittance and absorption edge for the hybrids prepared with various amounts 
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of water and acid. This strongly suggests that all the hybrids underwent the similar 
level of inorganic restriction and thus nanocrystallinity of TiO2 phase; regardless of 
those synthesis parameters that had led to significant effects on the nature of inorganic 
precursor during the solution preparation and/or after drying stages at room 
temperature. Based on the blue shift in the absorption edges at the range of ~340−360 
nm, it can be concluded that the crystalline TiO2 domains in the hybrid films of Wu et 
al.  [132,133] are very small in size, most likely still in the form of nanoclusters. This 
is again a very similar problem as what has been faced by Chen et al. [126,128] and 
other researchers [32,80,81,90,104−118,125,131]. Therefore, obtaining crystalline 
TiO2 phase in the titania−acrylic hybrid materials still remains as a big challenge. The 
primary concern is thus how to enhance the crystallinity of the inorganic phase while 
at the same time maintain the integrity of the polymer matrix.  
 
1.7.3.   Other titania−PMMA nanohybrids 
Besides for high refractive index applications, titania−PMMA nanohybrids have also 
been investigated for several other applications. Concerning titania−PMMA as a 
photostabilizing protective coating, Shi et al. [134] investigated the thermo-behavior 
and photodegradation of poly(methyl methacrylate-co-maleic anhydride) P(MMA-co-
MA)−SiO2−TiO2 hybrid system. Quasi real-time FTIR showed that TiO2 incorporated 
in the hybrid network provided a photocatalytic effect rather than a UV-shielding 
effect.  
By employing in situ emulsion polymerization, Yang and Dan [135] synthesized 
titania−PMMA composite particles by performing graft polymerization (surface 
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grafting) of MMA from the surface of the alkoxysilane modified TiO2 particles. The 
main objective was to improve the dispersion of TiO2 particles when used as the UV-
absorbent in cosmetics, plastics, dope fields and weather-resistant materials where 
such applications are restricted to a great degree by TiO2 particles agglomeration. A 
better dispersion was obtained when TiO2 particles were successfully grafted by 
PMMA in the composite latex in comparison to the unmodified and alkoxysilanes 
modified TiO2 particles. Santos et al. [136] proposed a surface encapsulation 
approach for TiO2 particles being used as a pigment in the water-borne paints. This 
was aimed particularly at minimizing the incompatibility between the pigment surface 
and the binder resulting in agglomeration which in turn leads to the formation of 
fragility points and decreases the mechanical resistance of the film. The encapsulation 
with MMA and surfactant sodium dodecyl sulfate was carried out using two different 
processes, namely batch and semicontinuous, where the latter was proven to provide 
better encapsulations. Similar investigation on the dispersion stability of TiO2 
particles was performed by Choi et al. [137], who focused more on the effect of pH 
value of TiO2 suspension during acid pretreatment prior to PMMA attachment. The 
electrophoretic light scattering (ELS) studies showed that TiO2 particles treated with a 
concentrated solution has a thick PMMA shell resulting in a smooth surface and better 
dispersion as compared to pristine TiO2.  
Wang et al. [138] investigated the photoluminescence behavior of TiO2−PMMA 
nanocomposites prepared via conventional solution mixing route followed by γ-
radiation from a 60Co source. They proposed that the carbonyl group at the interface 
between PMMA and TiO2 surface played an important role in the observed 
photoluminescence. The formation of such a group was initiated with the formation of 
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O·- anion free radical formed on the TiO2 surface group during γ radiation and graft 
polymerization of PMMA. 
Moreover, titania−PMMA hybrids have also been studied for potential applications as 
fire retardant materials. Ferriol et al. [139] proposed that in addition to the excellent 
flame retardant mechanism provided by the commonly used 
organoclays−organomodified montmorilonite (OMMT), the nanometric size and high 
surface area of TiO2 nanoparticles in TiO2−OMMT−PMMA enable a synergistic 
effect, leading to enhanced thermal stability and reduced gas emission. Ye  et al.  
[140] studied the photo-assisted polymerizations of PMMA by TiO2 semiconductor 
nanoparticles. By applying different charge scavengers into the photopolymerization, 
various polymer properties can be adjusted including molecular weight, weight 
distribution, macromolecular structure, stereoregularity of chains, glass transition 
temperature and thermal decomposition temperature. More recently, Jo et al. [141] 
proposed the use of TiO2−PMMA precursor mixtures to form TiO2 nanofiber for dye-
sensitized solar cells (DSSC) using electrospinning method. The polymer functions as 
a binder to increase the viscosity of inorganic precursor to form fibers during spinning 
process and to control the morphology of spun fibers. Bandugula et al.  [142] studied 
the reinforcing effect of TiO2 nanoparticles in the TiO2−PMMA system. They 
reported that loadings of 0.5, 1 and 3 vol % of TiO2 nanoparticles increased the 
toughness by 11, 40 and 77 %, respectively, as compared to that of the neat PMMA. 
Further loading to 5 vol % decreased the fracture toughness by 22 %. The initial 
increase in fracture toughness is related to the well-dispersion of inorganic 
nanoparticles in the polymer matrix.  
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1.8. RESEARCH PROBLEMS AND OBJECTIVES 
As discussed above, the sol−gel process has been widely used as an approach to 
synthesize inorganic−organic nanohybrids. The titania−PMMA nanohybrids derived 
from in situ sol−gel polymerization are promising for high refractive index and other 
optical applications. However, there still remains a great challenge with the 
crystallinity of TiO2 phase in the PMMA matrix. The same issue has been 
encountered with other titania-polymer based nanohybrids [80,81,90,104−118]. It was 
initially thought that the lack of crystallinity was due to the low processing 
temperature involved since a temperature of higher than 400 oC is required for 
formation of crystalline TiO2 phase. However, an attempt to increase the polymer 
thermal stability and thus annealing temperature still gave rise to rather amorphous 
nanohybrids [131]. The pursuit towards the formation and densification of TiO2 thin 
films at low temperatures have led to investigations by many researchers 
[16,143−154]. It was proposed that the largely amorphous nature of TiO2-based films 
could be due to the high functionality of the titanium alkoxide precursor favoring the 
fast development of stiff Ti−OH networks via condensation [16,148]. For the case of 
TiO2−PMMA nanohybrids, more complication are expected due to additional 
hindrance effects from the polymerization of organic monomers taking place 
concurrently. This arises from the inorganic−organic interactions that persist during 
all stages of solution mixing, drying, annealing and subsequent treatments. A 
systematic investigation into the effects of sol−gel parameters (water to alkoxide ratio, 
pH, inorganic contents, etc) in the presence of polymer matrix on the nanostructural 
features of titania−PMMA nanohybrids is therefore essential. It is thus one of 
objectives in this project to investigate the titania−PMMA nanohybrid, in particular 
concerning the TiO2 phase formation, the evolution of the nanostructures confined by 
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the PMMA matrix and the resulting optical properties. Indeed, effectively enhancing 
the crystallinity of inorganic TiO2 phase, while at the same time maintaining the 
integrity of organic matrix, is one of the main challenges. 
Based on above considerations, the scopes and objectives of this project can be 
summarized as follows: 
(i) To study the feasibility of synthesizing TiO2−PMMA nanohybrids via several 
approaches such as in situ sol−gel and polymerization, diblock copolymer 
templating, and assisted by pre- and post-hydrothermal processes;  
(ii) To study the effects of various synthesis parameters on the resulting 
nanostructural features and crystallinity of inorganic TiO2 phase in nanohybrids; 
(iii) To investigate the relationship between the nanostructural features, crystallinity 
of TiO2 phase in nanohybrids, and the resulting optical properties; 
(iv) To understand the physics behind the optical properties of nanohybrids.   
In order to properly fulfill the above objectives, the following strategic approaches 
were taken in this project: 
(a) A nanohybrid of TiO2 nanoparticles in PMMA matrix was first synthesized via 
in situ sol−gel polymerization route. Different loadings of inorganic precursor 
were prepared for investigations into their effects on the TiO2 nanostructural 
features in the PMMA matrix and the resulting optical properties. Furthermore, 
variations in the annealing temperature, concentration of the coupling agent, pH 
value of solution and water to alkoxide ratio were made with selected 
compositions of the nanohybrid, aiming at understanding whether and how these 
parameters can affect the crystallinity of TiO2 nanoparticles in the nanohybrid; 
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(b) A nanohybrid of TiO2 nanoparticles in PMMA matrix was synthesized via 
copolymer templating route, where diblock copolymers were used as the 
directing agents or templating blocks. The crystallinity of TiO2 nanoparticles 
was expected to increase when they are confined within the hydrophilic units of 
the copolymer. Several parameters such as the amount of water in the mixture 
solvent, pH value of the hybrid solution and annealing schedule were 
investigated systematically for the effects on the resulting nanostructural 
features; 
(c) A nanohybrid of TiO2 nanoparticles in PMMA matrix was further synthesized 
via a modified in situ sol−gel polymerization route, where TiO2 sol precursor 
was first subjected to pre-hydrothermal treatment prior to mixing with PMMA 
matrix;  
(d) Thin films of TiO2−PMMA nanohybrid, which were initially synthesized via in 
situ sol−gel polymerization route, were further subjected to post-hydrothermal 
treatment. The objective is to investigate whether such treatment can be applied 
directly to the thin films, and to study whether and how it can enhance the 
crystallinity of TiO2 phase. 
There are several important scientific points that need to be verified in this project, 
including the actual cause for the low crystallinity of TiO2 phase in the nanohybrid 
and the mechanisms by which the crystallinity can be enhanced. Additionally, it is of 
tremendous interest to establish the relationships between the nanostructural 
parameters and optical properties in these nanohybrids of enhanced crystallinity.  
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1.9. THESIS LAY-OUT 
Chapter 1 has briefly reviewed the background of nanohybrids in general and the 
TiO2−PMMA nanohybrid in particular. This is followed by the scopes and approaches 
of this project. Chapter 2 will present the synthesis routes and major characterization 
techniques used in the project. A study on the TiO2 phase formation and the resulting 
optical properties of TiO2−PMMA nanohybrid synthesized via in situ sol−gel 
technique will be detailed in Chapter 3. This chapter will also discuss the effects of 
synthesis parameters, such as pH value, water to alkoxide ratio and concentration of 
coupling agent, on the crystallinity of TiO2 phase in the nanohybrids. Chapter 4 will 
present an investigation into using diblock copolymer as templating agent for 
formation of TiO2 phase in the nanohybrids. The effects of several parameters on the 
resulting nanostructural features will be discussed in detail. Chapter 5 will describe a 
modified in situ sol−gel polymerization route where pre-hydrothermal treatment is 
performed on the TiO2 sol precursor, aimed at enhancing the crystallinity of TiO2 
nanoparticles in the nanohybrid. In this chapter, the effects of hydrothermal time on 
the crystallinity of TiO2 phase will be presented. In Chapter 6, a post-hydrothermal 
approach to enhance the phase formation and crystallinity of TiO2 nanoparticles in 
nanohybrid will be described. Instead of applying this into the inorganic precursor 
solution, the designed hydrothermal treatment is applied to the nanohybrid thin films. 
A significant enhancement in crystallinity is observed. Accordingly, the resulting 
linear and nonlinear optical properties are explored. Discussions and explanations on 
the observed phenomena are included in these result chapters. Finally, overall 
conclusions together with suggestions for future work will be given in Chapter 7. 
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2.1.  INTRODUCTION  
The experimental procedures described in this chapter are divided into two main 
sections.  The first part elaborates the synthesis techniques that were employed to 
prepare the different types of TiO2−PMMA nanohybrids studied in this project. 
Consistent with the strategic approaches stated in Section 1.8 of Chapter 1, the 
synthesis routes are grouped under three main categories namely: (i) in situ sol−gel 
polymerization; (ii) pre- and post-hydrothermal processes; and (iii) diblock copolymer 
templating. The second part of this chapter describes five characterization techniques 
used as the main analytical tools to investigate the crystallinity of inorganic TiO2 
phase and the nanostructural features of the nanohybrids. These are: (i) X-ray 
diffraction (XRD); (ii) molecular absorption (IR and UV−Vis) spectroscopies; (iii) 
atomic force microscopy (AFM); (iv) transmission electron microscopy (TEM); and 
(v) thermo-gravimetric analysis (TGA). For selected nanohybrids, Raman and X-ray 
Photoelectron spectroscopies were further employed. Z-scan and pump-probe 
techniques were applied to selected nanohybrid samples, prepared as thin films in 
order to explore their nonlinear optical behavior. Although the nonlinear optical 
behavior and the detail of physics behind the phenomena are not the main objectives 
of this project, however, they are useful in demonstrating how the nanocrystallinity of 
the TiO2 phase and other nanostructural characteristics, such as the size and 
distribution of the nanoparticles in nanohybrids, can affect their functional properties. 
For each characterization technique, the basic concept and theory is given first, 
followed by some details on the measurement set-up carried out in this work.  
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2. 2. SYNTHESIZING TECHNIQUES 
2.2.1.  In situ sol−gel polymerization 
In situ sol−gel polymerization was adopted for synthesis of TiO2 nanoparticles in 
poly(methylmethacrylate) matrix in this project, the particular aim of which is to 
realize nanohybrids with different loadings of TiO2 nanoparticles in the polymer 
matrix. The synthesis route is modified from the technique reported in the reference 
[1], where pre-polymerized PMMA was thoroughly mixed with partially hydrolyzed 
TiO2 precursor. For this purpose, the starting materials used were commercially 
available methyl methacrylate (MMA, 99% in purity, Acros), 3-
(trimethoxysilyl)propyl methacrylate (MSMA, 98% in purity, Acros),  
tetrahydrofuran (THF, 99% in purity, Acros), benzoyl peroxide (BPO, 98% in purity, 
Acros), deionized water, ethyl alcohol (Et−OH, 95% in purity, Merck), hydrochloric 
acid (HCL, 36% in purity, Ajax), and titanium tetra-isopropoxide (TTIP), 98% in 
purity, Acros). 
In details, monomer MMA, coupling agent MSMA, and initiator BPO in THF were 
added into a reaction flask and polymerized at 60 oC for 1 hour. The molar ratio of 
MSMA to MMA+ MSMA was controlled at 0.25 and the amount of BPO added to the 
mixture was fixed at 3.75 mol %. At the same time, a TiO2 based sol solution was 
prepared using titanium tetra-isopropoxide (TTIP), deionized water, ethanol and 
hydrochloric acid, by following the method described in the reference [2]. Titanium 
tetra-isopropoxide (TTIP) was first mixed with ethanol in a container and stirred for 
30 minutes. A mixture of deionized water and HCl was then added under stirring 
condition into the transparent solution to promote hydrolysis. The TTIP concentration 
in the solution was controlled at 0.4 M with the ratio of water to TTIP (rw) ranging 
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from 0.82 to 3.5 and pH value of 1.3 for obtaining a stable solution. Finally, this 
homogeneous mixture was added dropwise over a duration of 30 minutes into the 
partially polymerized monomers with rigorous stirring to avoid local inhomogenities. 
The reaction was allowed to proceed at 60 oC for another 2 hours. Following this 
procedure, four transparent solutions, with the weight percentages of titanium 
isopropoxide of 20, 40, 60 and 80 wt % in PMMA, respectively, were prepared.  
In order to form the designed thin films, the solutions were each spin coated on quartz 
substrates at 3000 rpm for 20 seconds. Prior to the spin coating, the substrates were 
carefully cleaned, first in diluted HNO3 solution in an ultrasonic bath. After thorough 
rinsing in running water, the ultrasonic bath treatment was repeated with distilled 
water, acetone and ethanol. The substrates were then dried and stored in the drying 
cabin at 40 oC. The coated films were then annealed in two stages of curing 
temperatures to promote the polymerization, i.e., at 60 oC for 30 minutes and 150 oC 
for 3 hours. For labeling purpose, the resultant transparent nanohybrid thin films of 
TiO2 in PMMA were termed as T20, T40, T60 and T80, respectively, referring to the 
amount in weight percentage (wt %) of titanium tetra-isopropoxide incorporated in 
the reaction mixture.  
For characterization purposes, some thicker films were also made by pouring the 
precursor solution onto a glass petri-dish. They were dried firstly at room temperature 
for one week and then at 60 oC for 3 days in an oven. Finally, they were scratched off 
from the dish with a steel blade and subjected to subsequent annealing scheme. 
Respective powder samples were made by grinding them carefully in the mortar.  
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2.2.2.  Hydrothermal process 
Hydrothermal condition was applied for selected compositions, in order to enhance 
the nanocrystallinity of TiO2 phase in the polymer matrix. For this purpose, a Teflon-
lined stainless steel autoclave (Parr, Moline, IL) was used. Two different approaches 
were carried out, i.e., pre- and post-hydrothermal treatments, referring to the sequence 
when the hydrothermal condition was applied on the TiO2 sol precursor, i.e., before 
(pre) or after (post) mixing with PMMA matrix.  
 
2.2.2.1. Pre-hydrothermal treatment 
A calculated amount of TiO2 sol solution, as prepared by the procedure described in 
Section 2.2.1, was first poured into the Teflon tube and sealed in the steel autoclave 
carefully. The autoclave was heated and kept at 80 oC for various designated periods 
of time, from 2 to 24 hours. The appearance of the resulting TiO2 sol solutions ranged 
from translucent to white dispersion, depending on the time duration of the process. 
These treated solutions were then added dropwise into the pre-polymerized MMA and 
MSMA solution in order to form TiO2−PMMA nanohybrids. In the initial stage of 
mixing, the resulting mixture became opaque. Upon stirring rigorously, the mixture 
turned to yellowish clear indicating a uniform dispersion of TiO2 particles in the 
organic solution. However, transparent solutions were not obtained in the case of 
solution with TiO2 precursors that were pre-hydrothermally treated at longer periods 
of time. Throughout this procedure, the weight percentage of the inorganic TiO2 
precursor prior to hydrothermal process was fixed at 60 % in the final nanohybrid 
mixture, referring to sample T60 described in Section 2.2.1. The sample (bulk and 
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thin film) preparation and the annealing schemes applied were the same as those 
described in the previous section. 
 
2.2.2.2. Post-hydrothermal treatment 
In contrast to the pre-hydrothermal treatment where the hydrothermal process was 
applied to the inorganic precursor, post-mixing treatment was to hydrothermally treat 
the nanohybrids, for example, T60 instead. The samples were exposed to water vapor 
in the Teflon-lined stainless steel autoclave where a specially designed stand was 
placed inside in order to prevent them from direct contact with liquid water. The 
autoclave containing nanohybrids and about 25 ml of purified water was kept at 
different temperatures for 24 hours.  
 
2.2.3.  Block copolymer templating 
Nanohybrids of TiO2 nanoparticles embedded in PMMA matrix was prepared by 
using diblock copolymers as templates. The chemicals employed as the starting 
materials included: an asymmetric diblock copolymer of poly(methyl methacrylate)–
poly(ethylene oxide), or denoted as PMMA−PEO (Polymer Sources Inc.), with 17 
monomer units of PMMA and 65 monomer units of ethylene oxide (or molecular 
weight ratio of 1700: 3500 g/mol) and polydispersity of 1.1; titanium teraisopropoxide 
(TTIP) with purity of  98% (Acros); tetrahydrofuran (THF) with purity of 99% 
(Acros), and deionized water. Further details of the experimental procedure are given 
in Section 4.3.1, in connection with results and discussion presented in Chapter 4. 
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2.3. CHARACTERIZATION TECHNIQUES 
2.3.1. X-ray diffraction  
In order to identify the presence of inorganic oxide phase(s) in nanohybrids, X-ray 
diffraction (XRD) was performed. In X-ray diffractometer, the X-ray source is 
produced in an X-ray tube where the high speed electrons collide with a metal target. 
By passing the X-ray beam through a filter which absorbs undesirable components, a 
monochromatic X-ray with strongest Kα characteristic line is obtained and used for 
diffraction purpose. In principal, the phase identification is based on the fact that 
when a beam of monochromatic X-rays passes through a crystal containing of atoms 
arranged periodically in three dimensions, it can be scattered by the atoms in all 
directions. If there exists a large number of crystallites involved, then the chances of a 
crystal plane diffracting the beam is high. In addition, diffraction will take place only 
when the coherently scattered rays mutually reinforce each other in certain directions 
and fulfill the Bragg’s Law [3]: 
θλ sin2dn =       (2.1) 
where  n is order of diffraction, λ is the wavelength of monochromatic X-rays, d is the 
inter-planar spacing of particular (hkl) crystal plane and θ is the angle between the 
incident X-rays and diffraction plane. By fixing the wavelength λ of X-rays and 
measuring θ, therefore the d-spacing of various planes in a crystal can be determined. 
The direction of diffraction is related to the shape and size of the unit cell, while the 
positions of atoms with the unit cells of the crystal determine the intensity of a 
diffracted beam. The intensity of diffracted X-rays is practically measured by using a 
detector which can be rotated to any desired angular position. Furthermore, the XRD 
patterns can be obtained by plotting the intensity of diffraction beam as a function of 
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the corresponding 2θ angles. For identification purpose, the XRD pattern obtained 
was compared with those listed in the standard Powder Diffraction Files (PDF) 
compiled by the International Centre for Diffraction Data (ICDD). In this work, phase 
identification and structure analysis were performed by using Bruker AXS θ−2θ 
diffractometer using Cu K-α radiation (1.5418 Å) operated at 40 kV, 40 mA and with 
a step-size of 0.02o and time/step of 20 seconds. For the thin film samples coated on 
silicon wafers, the incidence angle between the X-ray beam and film plane was fixed 
at 1.5o. For selected samples, crystallite sizes of inorganic phase(s) in nanohybrids 






t =     (2.2) 
where t is the average crystallite size, λ is the X-ray wavelength, θ is the Bragg’s 
angle and B is the line broadening, based on full-width at half maximum (FWHM) in 
radians. For proper calculation, other aspects such as the broadening due to strain in 
the sample should be considered. Therefore, the crystallite sizes determined from 





Spectroscopy in general can be described as group of analytical techniques that deal 
with the interactions of various types of electromagnetic radiation (and other forms of 
energy) with atoms, ions, or molecules [4]. The basic principal of spectroscopy is to 
allow a beam of electromagnetic radiation from a light source to pass through the 
substance, and then measure the features of the exiting radiation. The interaction of 
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electromagnetic radiation with a material can result in redirection of the radiation 
itself and/or the transition between the energy levels in the atoms or molecules. The 
atom or molecule that has absorbed energy from the radiation field is said to have 
been excited or perturbed from their normal ground state. These excited 
atoms/molecules tend to lose a portion or all of the energy that they absorbed in the 
first place. Spectroscopic instruments or spectrometers have been designed in such 
way so that they record either the amount of energy absorbed from ground state to 
excited state, or the amount of energy that the excited atoms/molecules release in 
order to return to the ground state level. Therefore, the technique is called absorption 
spectroscopy if the energy absorbed is recorded, and emission spectroscopy if the 
energy released or emitted is the one recorded by the detector. On the other hand, the 
interaction of electromagnetic radiation with a material can also result in redirection 
of light itself which may or may not be accompanied with transfer of energy within 
the atoms/molecules. The technique based on this phenomenon is called scattering 
spectroscopy which measures certain physical properties of the material by 
measuring the amount of light that a substance scatters at certain wavelengths, 
incident angles, and polarization angles. 
Since the wavelength or frequency of the energy transition, emission or scattering is 
specific for particular types of bond in the structure, spectroscopy is useful for 
identifying the functional groups in a molecular structure as well as for quantitative 
determination of the compounds containing the specific functional groups. 
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2.3.2.1. Infrared spectroscopy 
Infrared (IR) spectroscopy measures the absorption of different IR frequencies by a 
sample positioned in the path of an IR beam. This technique is widely used in 
detecting the vibration characteristics of chemical bonds in a material as a result of the 
energy absorption in the infrared portion of the electromagnetic spectrum (0.78−1000 
µm in wavelengths or 12800−400 cm-1 in wavenumbers) [4]. At the vibrational 
excited state, the chemical bonds will undergo stretching, contraction and bending. A 
stretching vibration involves a continuous change, either symmetric or asymmetric, in 
the inter-atomic distance along the axis of the bond between atoms. Bending 
vibrations are characterized by a change in the angle between two bonds which may 
include scissoring, rocking, wagging and twisting. Infrared spectroscopy can be 
classified into three groups, based on the wavelength/wavenumber range used for 
measurement, i.e.: far infrared (~50−1000 µm or ~400−100 cm-1), mid infrared 
(~2.5−50 µm or ~4000−400 cm-1) and near infrared (~0.78−2.5 µm or ~12800−4000 
cm-1). A Fourier Transform Infrared (FTIR) spectrometer gains infrared spectra by 
collecting an interferogram by using an interferometer. In the interferometer, an 
infrared beam from a light source strikes a beam splitter and is separated into two 
beams which are subsequently reflected by a fixed mirror and a moving mirror, 
respectively, and then recombined again at the beam splitter. Constructive and 
destructive interferences result due to the difference in optical path. Finally, the 
recombined beams pass through the sample and the resulting interferogram is 
recorded. A mathematical technique known as Fourier Transformation is needed in 
order to decode the interferogram for interpretation purposes. The resulting infrared 
spectrum is presented as the absorbance (or transmittance) versus wavenumber.  
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In this work, the infrared spectra of the nanohybrid samples were recorded at room 
temperature in the mid IR range, i.e., 4000−400 cm-1 using Bio-Rad model QS-300 
spectrometer. The spectra were averaged over 64 scans with a nominal resolution of + 
8 cm-1. The samples for FTIR were prepared by scratching nanohybrid thin films from 
the substrates or thick films from Petri-dish using a razor blade. These scratched 
samples were ground together with KBr powder and pressed into small pellets. The 
pellets were fixed on a holder and inserted into the FTIR chamber for analysis.  
 
2.3.2.2. Ultraviolet−Visible spectroscopy 
Ultraviolet−Visible (UV−Vis) spectroscopy measures the wavelength and intensity of 
absorption of near-ultraviolet and visible light by a sample. The transition alters the 
configuration of the valence electrons in the molecule and the radiation is generated 
by the ultraviolet-visible portion of the electromagnetic spectrum 160 to 780 nm. The 
absorption generally results from excitation of bonding electrons from the ground 
state to higher energy levels. The mechanisms involved can be categorized into: (i) 
absorption by species containing π, σ and n electrons; (ii) absorption involving d and f 
electrons; and (iii) absorption by charge-transfer electrons [4]. The first mechanism is 
the most common one for organic molecules where the absorption in the conventional 
spectral region (200-700 nm) is dominated mainly by n toπ∗ and π∗ to π∗ transitions 
involving the electrons in s and p orbitals. During such a transition in a molecule, 
electrons are promoted from the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO). On the other hand, most inorganic 
compounds with transition-metal ions absorb ultraviolet and visible light due to 
second and third mechanisms, which involve transitions with d and f orbital electrons 
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as well as electron donor-acceptor characteristics. In a semiconductor bulk solid or 
nanoclusters, the transitions occur between the valence band (VB) and conduction 
band (CB). To some extent, the VB and CB can be considered as the solid state 
analogue of the HOMO and LUMO of an organic molecule.  
For nanohybrids containing semiconductor nanoparticles embedded in an amorphous 
material, the UV−Vis spectrum can provide a correlation between the fundamental 
absorption edge and the respective photon energy required to excite the electrons from 
valence band to higher energy conduction band. This follows the expression proposed 
by Tauc [5]:  
)()( g
n
o EhAh −= ννα    (2.4) 
where αο is linear absorption coefficient; hν  is the incident photon energy; A is the 
edge-width parameter; and Eg is the optical band gap energy, respectively. The 
absorption coefficient at the higher energy side of the absorption edge can be used to 
fit Equation 2.4 to obtain the optical band gap Eg by extrapolating the plotted (αοhν)n 
as a straight line towards an intersection with the hν  axis [(αο hν) n = 0]. The value of 
n can be assumed to depend on the nature of electronic transitions responsible for the 
absorptions. n is equal to  ½ and 2 for indirect and direct band gaps, respectively [5]. 
Moreover, the information obtained from the above band-gap estimation can be 
further used to predict the size of nanoparticle. This is based on the phenomenon that 
when the crystallite sizes are below the Bohr radius of both holes and electrons 
(exciton pair) in the semiconductor, the optical absorption edge of material shows the 
‘blue shift’ to the shorter wavelength as compared to that of its bulk material. This is 
called ‘quantum confinement effect’ and the respective band gap energy of material 
can be related to the particle size following the Brus formula [6]:  


















⎛ ++= h   (2.5) 
where Eg is the band gap of bulk material; R is the particle radius; ε is dielectric 
constant; me and mh are the electron and hole effective masses, respectively; ħ is 
Planck’s constant; and e is the charge on the electron. The second term represents the 
particle-in-a box quantum localization energy and has 1/R2 dependence, while the 
third term represents the Coulomb energy with 1/R dependence.  
In this project, the linear absorption spectra of the nanohybrid thin films were 
measured using a UV−1601, Shimadzu spectrophotometer with resolution of + 0.3 nm 
at the wavelength range of 800−200 nm. The nanohybrid thin films coated on quartz 
substrates were fixed onto sample holders, while a blank quartz substrate was used as 
a reference. 
 
2.3.2.3. Raman spectroscopy 
Another very useful technique in characterizing nanohybrid materials is Raman 
spectroscopy. It differs from the rotational and vibrational spectroscopy described 
above, in that it pertains to the scattering of radiation by the sample, rather than 
absorption. The Raman effect arises when the incident light excites the molecules in a 
sample which subsequently scatters the light. The scattered light consists of two 
types; Rayleigh scattering, which is strong and has the same frequency (νo) as that of 
the incident beam, and inelastic Raman scattering, which is very weak and scattered 
at different wavelengths due to phonon losing or gaining [7]. The phonon losing 
occurs when the molecule is brought up from a lower energy level to an upper energy 
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level by the incident photons. This results in that the frequency of scattered light is 
less than that of the incident light (νR = νo −νm) and the observed response is called 
Stokes lines, where, νR and νm are the frequency of scattered light and molecular 
vibration, respectively. On the other hand, the phonon gaining occurs when the 
molecule is transferred to a lower energy level from an initial upper state and the 
observed response is called anti-Stokes lines where the frequency of scattered light is 
higher than that of the incident photons. The difference in frequency between the 
scattered light and the incident light (νo + νm) is known as the Raman shift, the 
intensity of which can be measured and illustrated as a Raman spectrum. In general, 
anti-Stokes lines are appreciably less intense than the corresponding Stokes lines 
since the former involves much fewer molecules. For this reason, therefore, only the 
Stokes part of a spectrum, which has an intensity of about 0.001 % of the intensity of 
laser source, is generally used [4].  
Raman scattering can occur with a change in vibrational, rotational or electronic 
energy of a molecule. In Raman spectroscopy, however, only the vibrational Raman 
which is usually observed in the direction perpendicular to the incident light is 
considered for analysis. The vibrational spectra are originated by the stretching and 
bending motions involving various bonds of molecules and these determine the 
position and intensity of Raman lines in the Raman spectrum. Measurements of the 
Raman shifts enable the identification of the scattering compounds and further 
analysis of peak intensities can provide useful information related to stoichiometry, 
stress and the degree of crystallinity of the material under investigation. These 
advantages have made Raman spectroscopy as one of the very sensitive and important 
technique to analyze the internal structure of molecules and crystals. However, there 
are certain drawbacks which can limit the usage of Raman spectroscopy in several 
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systems, i.e., not all substances are Raman active and a considerable amount of 
material is required for phase identification, which can make the measurement of very 
thin film sample difficult. 
In this work, Raman spectroscopic study was performed to identify the inorganic 
phase in the thin films derived from diblock copolymer templating which otherwise 
could not be detected by XRD due to the small amount of nanoparticles and the lack 
of high crystallinity. The Raman measurement was carried out in back scattering 
configuration using micro-Raman system (Renishaw 2000) with a CCD detector. A 
Diode Pumped Solid-state Laser (DPSL) operating at 532 nm was employed as the 
excitation source, which was operated at a power rate of 10 mW. The laser beam was 
kept considerably low in order to avoid the undesired heating effects on the 
nanohybrid sample and was focused with a spot size of approximately 1 µm. The 
spectral resolution of the apparatus is estimated to be approximately ~1 cm-1. 
 
2.3.2.4. X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive characterization 
technique which can provide both qualitative and quantitative information on the 
composition in a surface layer up to 1 nm in depth. The working principle of XPS 
involves radiating the sample with monochromatic X-ray radiation of known 
frequency (ν) and hence of known photon energy (hν). With the bombardment by the 
incident photons of high energy, electrons from the inner core of the atoms in the 
sample are ejected out. Once the electrons are released, some of them travel towards. 
Electrons which hold enough energy at this point may abandon the solid material for 
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the surrounding vacuum. Once in the vacuum, they are collected and measured for 
their kinetic energy Ek. The binding energy of the electron Eb which they had before 
leaving the atom can then be calculated by means of the following equation: 
Eb = (hν) − Ek − w    (2.6) 
where w is the so-called work function of the spectrometer, a factor that corrects for 
the electrostatic environment in which the electron is formed and measured [8]. Since 
the binding energy is characteristic of the elemental atom and orbital from which the 
electron was emitted, then it functions as an identification card for determination of 
atoms involved. An XPS spectrum thus consists of a plot of the number of emitted 
electrons, or the power of the electron beam, as a function of the binding energy. Each 
binding energy matches a specific atom type, for example 284.6 eV for carbon and 
532.5 eV for oxygen [9]. The area under a particular peak is proportional to the 
number of atoms being present in the investigated element. By calculating the 
respective contribution of each area, chemical composition of the sample can thus be 
determined. 
X-ray photoelectron spectroscopy in this work was acquired using a VG Scientific 
ESCALAB MKII with concentric hemisphere analyzer operated in the constant 
energy mode. A pass energy of 50 eV was used for the wide scan survey spectrum 
while 20 eV for high resolution core level scans. The exciting source was a Mg Kα 
operating at 150 W (10 mA; 15 kV) and the spectra were recorded using a 75o takeoff 
angle relative to the surface normal. All XPS core level spectra were fitted with 
XPSPEAK 4.1 program. The fitted XPS spectra were corrected for sample charging 
by applying a binding energy shift such that the hydrocarbon component of each C1s 
region was centered at 284.6 eV. 
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2.3.3. Atomic force microscopy  
Atomic Force Microscopy (AFM) is an imaging technique widely used to determine 
the topography and other properties of surfaces. It was firstly invented in 1982 by 
Binnig, Quate and Gerber [10] by mounting a tiny shard of diamond onto one end of a 
strip of gold foil. A simple schematic of AFM is given in the Figure 2.1, where the 
probe tip is mounted on the end of a triangular cantilever arm and a piezoelectric 
device raster scans the sample in an x, y and z direction under the probe tip. As the 
probe tip undergoes attractive or repulsive forces, the cantilever is deflected away 
from its equilibrium position. The deflection is monitored by bouncing a laser beam 
off the cantilever onto a two-element position sensitive photodiode. Furthermore the 
deflection is recorded as function of time and thereby forms an image of the surface 





















Figure 2.1.  Typical design of an atomic force microscope 
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(a) Mode of operation 
In a normal operation, the tip-sample force is held constant by a computer controlled 
feedback loop that examines the force due to deflection of the cantilever and 
commands the piezoelectric device whether to move the sample closer or farther away 
in order to maintain the set force value. Therefore this feedback mode of operation is 
known as constant force or height mode, and usually enables a fairly faithful 
topographical image to be obtained. By contrast, if the feedback electronics are 
switched off, then the microscope is said to be operating in constant height or 
deflection mode. This is particularly useful for imaging very flat samples at high 
resolutions.  
(b) Probe-sample interaction 
The attractive or repulsive forces encountered by a probe tip when it is in close 
proximity to a sample surface determine the interaction through which the image 
contrast can be obtained. There are three main classes of interaction: (i) contact 
mode; (ii) non-contact mode; and (iii) intermittent contact or tapping mode. 
Contact mode is performed by bringing the tip to a distance at which repulsive forces 
dominate the tip-sample interaction. By contrast, non-contact mode is carried out such 
that the tip-sample interaction is in the attractive or van der Waals regime. The 
cantilever is oscillated with low amplitude of less than 5 nm, which is near its 
resonant frequency and the force is measured by comparing the frequency and/or 
amplitude of the cantilever oscillation relative to the driving signal. Intermittent 
contact or tapping mode is also performed by oscillating the cantilever near its 
resonant frequency, however the amplitude is significantly higher i.e., ~10−50 nm. 
The intermittent contact mode operates in the repulsive force region, but touches the 
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surface only for short periods of time. This is aimed at reducing the damage to 
potentially fragile samples such as biological molecules. 
In this project, the morphology study of the nanohybrid thin films was performed by 
using a Multimode ™ scanning force microscope (Digital Instruments/Veeco) in the 
tapping mode. Etched silicon tips on an Olympus cantilever having spring constants 
ranging between 33.2 and 65.7 N/m and a resonant frequency of 277.3−346.3 Hz as 
specified by manufacturer, were used. The images were obtained in both height and 
phase contrast modes.  
 
2.3.4. Transmission electron microscopy  
Transmission electron microscopy (TEM) is an imaging technique which offers high 
resolution images on the micro or nanostructural features of materials [11,12]. It is an 
optical analogue to the conventional light microscope, where a beam of electrons is 
applied instead of light and the glass lenses are replaced by magnetic lenses.  
(a) Principles of image formation 
Typically, a TEM consists of an electron gun, a condenser lens system, a specimen 
chamber, objective and intermediate lenses, projector system for producing images 
and diffraction patterns, vacuum and computer systems [11]. A simplified schematic 
diagram of the image formation in transmission electron microscope is shown in 
Figure 2.2.  
 


















With an electron gun, an electron beam is formed, which is accelerated by an electric 
field formed by a voltage difference of typically 100−200 kV. By condenser lenses, 
the electron beam is focused on the sample to be investigated, where the electrons are 
scattered. Electron scattered in the same direction are focused in the back focal plane, 
giving rise to a diffraction pattern, while electrons coming from the same point of the 
object are focused in the image plane. The first image, which is formed by the 
objective lens, is magnified typically by 25 times, and the following intermediate and 
Figure 2.2.  Schematic diagram of a transmission electron microscope 
Intermediate lens 
Object plane 
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projective lenses give a final magnification of the image in the viewing screen of 
more than 106 times.  
(b) Image observation 
A TEM image can be formed by either the central spot of unscattered beam, or some 
or all of the scattered electrons. Depending on beam selection, there are four common 
types of TEM image: bright field (BF) image; dark field (DF) image; selected area 
diffraction (SAD); and lattice or high-resolution TEM (HRTEM) imaging [12]. 
Bright Field (BF) image involves the insertion of an aperture on the back focal plane 
of the objective lens so that only the unscattered electrons can pass through and 
contribute to the formation of image (Figure 2.3a). As a consequence, thick regions of 
the specimen in which heavy atoms are enriched or higher in density such as 
crystalline phase(s) will scatter more strongly and appear as darker areas in the 
resultant image. In the absence of a specimen, a bright background is observed. 
Dark Field (DF) image involves the displacement of aperture which allows some of 
the scattered electrons to pass through the objective aperture, while the unscattered 
electrons are blocked (Figure 2.3b). This is termed as dark field imaging because the 
background appears dark, in the absence of a specimen, providing a reverse contrast 
to the bright field image. By this technique, the diffracted beam can have strong 
interaction with the sample; enabling some useful information be obtained, such as 
planar defects, stacking faults or crystallite size.  
Selected Area Diffraction (SAD) is obtained when a special aperture namely SAD 
aperture is inserted. It encloses a small area through which both unscattered and 
diffracted electrons contribute to the image formation (Figure 2.3c). The diffraction 
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pattern obtained on the back focal plane of the objective lens represents an image of 
reciprocal lattice and therefore contains information about crystal structure. For this 
purpose, the Bragg’s law (Equation 2.1) can be applied with only the first order 
diffraction (i.e. n =1) is considered. This is assumed so since the Bragg’s angle is very 
small due to the very short wavelength of the electron beam used in TEM. Therefore 
the simplified Bragg’s law can be written as: 
λ = 2dθ               (2.6) 
For electrons which are diffracted through an angle θ  by the crystal planes of spacing 
d and hit the screen or film which is a distance L from the specimen, the resulting 




r     (2.7) 
Combining Equation (2.6) and (2.7) results in: 
dL
r λ=  or  λLdr =   (2.8) 
Lλ is called camera constant since the camera length L and the electron wavelength λ 
are independent of the specimen, and thus a constant. The distance of a diffraction 
spot from the undiffracted spot r, is therefore inversely proportional to the d spacing 
of the diffracting planes. Given the camera constant, d can be determined simply by 
measuring r on the pattern accurately. 
 
 



























Figure 2.3.  Various image modes in transmission electron microscope: (a) Bright 
Field (BF) image; (b) Dark Field (DF) image; (c) Selected Area Diffraction (SAD); 
and (d) Lattice or High-Resolution (HR) image (Adapted from Ref. [12]).  




Bright field image Dark field image 
Lattice image Diffraction pattern 
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A Lattice or High-Resolution TEM (HRTEM) image is formed by the interference 
between the diffraction beam and unscattered beam (Figure 2.3d). In practice, a larger 
objective aperture is selected to allow both types of beam to pass. The incident 
parallel electrons interact elastically when passing through the sample, and the 
resulting modulation of phase and amplitude are present in the electron wave leaving 
the sample. This type of wave thus contains the information about the object structure. 
Furthermore, all the diffracted beam and unscattered beam are brought together again 
in the objective lens and the Fourier transform (analysis) creates a diffraction pattern 
of the object in the back focal plane. The inverse Fourier transform (synthesis) is 
performed subsequently, making the interference of diffracted beams back to a real 
space image in the image plane as a lattice image. 
In this project, transmission electron microscopy was performed with a JEOL 3010 
electron microscope operated at 200 keV. For high resolution studies, the images were 
obtained at 300 keV and with a resolution of 0.14 nm. Scratched thin films or fine 
powders described in Section 2.2.2.1, were dispersed into ethanol or water to make a 
suspension. To obtain a better dispersion of powder particles in the suspension, 
ultrasonication was performed for 15 minutes. An appropriate amount of the 
suspension was then dropped carefully onto a copper grid which was readily coated 
with polyvinyl and carbon film. The samples were dried under a bench light for 
several minutes and stored in the drying cabin overnight, prior to TEM investigation.  
 
2.3.5. Thermo gravimetric analysis  
Thermo gravimetric analysis (TGA), together with differential thermal analysis 
(DTA) and differential scanning calorimetry (DSC) are known as group of techniques 
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by which a physical property of a substance is measured as a function of temperature 
when subjected to a controlled temperature program [13]. In TGA, the weight change 
in a controlled atmosphere is recorded continuously as a function of temperature or 
time. The increase in temperature is set linearly with time and the plot of mass or 
mass percentage as a function of time is called a thermogram or thermal 
decomposition curve. A typical TGA equipment consists of a precision balance, a 
furnace with a programming facility, a reaction chamber, an atmospheric controller 
and a suitable recording system. The thermocouple is usually placed in direct contact 
with the sample.  
TGA can be considered as a quantitative and dynamic technique from which several 
important details on thermal changes accompanying mass change, such as 
decomposition, sublimation, reduction, desorption, absorption and vaporization can be 
obtained [14]. One of the most important applications of TGA is found in the study of 
polymers. The decomposition pattern is characteristic of a particular polymer and 
therefore the TGA thermogram can be used for identification and verification 
purposes. For nanohybrid materials, it can be utilized to investigate the integrity 
between the inorganic and organic moieties since a strong interaction between them 
normally results in a higher decomposition temperature.  
In this project, the thermal analysis on nanohybrid materials was performed by using 
TGA Dupont model 2950 under a nitrogen flow at a heating rate of 20 oC/min. The 
sample was prepared by applying the precursor solution into a petri-dish to form thick 
film, which was dried at room temperature for one week and then at 60 oC for 3 days. 
Finally it was pulled out from the dish with a razor blade and collected for TGA 
analysis.  
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2.3.6.   Z-scan technique 
As mentioned earlier, Z-scan and pump-probe measurements were performed on 
selected nanohybrid thin films in this project, aiming at exploring their nonlinear 
optical properties. It is important, therefore, to understand firstly the basic concept of 
nonlinear optics and why nanohybrids containing semiconductor nanoparticles of 
TiO2 in an amorphous polymer matrix can exhibit such behavior. 
2.3.6.1.   Nonlinear absorption 
It is well-known that a solid absorbs light power when light passes through it. In 
general, the amount of light that a material absorbs is reflected by its absorption 
coefficient (α) and can be expressed in the following relationship [15]: 
α = αo + ∆α     (2.9a) 
or     α = αo + βI     (2.9b) 
where αo is the linear absorption coefficient which is independent of the light power, 
and ∆α is the nonlinear counterpart whose magnitude changes as the light intensity, I 
varies. The latter can also be written as βI where β is the nonlinear absorption 
coefficient. Under the application of an optical electric field strength, which is much 
weaker than the intra-atomic electric fields (typically ~3 x 108 V/cm), the amount of 
the absorbed light power is not determined by the intensity of light. Therefore, the 
nonlinear absorption part can be neglected since its magnitude is normally several 
orders smaller than that of the linear part. In general, the relation between 
electromagnetic field of light and the induced polarization of matter in this region can 
be represented by the following expression [16]: 
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EP )1(0χε=     (2.10)  
where P and E are the polarization and electric field vectors, respectively, εo is the 
permittivity of free space and χ(1) is a constant of proportionality commonly known as 
the linear susceptibility of the medium. In linear materials, the response is always 
proportional to the stimulus. Consequently, the induced polarization is proportional to 
the field and the susceptibility is independent of the field. With the application of an 
electromagnetic field of high strength such as laser, however, the induced polarization 
will no longer be linear to the field. Therefore, Equation 2.10 should be extended as 
power series in the field [16,17]:  
.....)( 3)3(2)2()1(0 +++= EEEP χχχε  (2.11)  
where χ(2), χ(3), ..are the second, third and higher orders nonlinear susceptibilities of 
the medium, respectively. A material is said to be a nonlinear optical medium if χ(2), 
χ(3), .. are significant, which provides a consequence that when high intensity laser 
light propagates through this material, the induced polarization and thus the nonlinear 
absorption part starts to play an important role to the total absorption on macroscopic 
scale. This results in the intensity of light input and other related properties not being 
related to the intensity of light output by a simple proportionality constant. 
2.3.6.2.   Nonlinear refraction 
Nonlinear refraction phenomenon in a material occurs as a consequence of change in 
its refractive index induced by an external high intensity electromagnetic field. 
Nonlinear refraction results in a phase distortion of the incident laser beam, as 
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opposed to amplitude distortion due to nonlinear absorption effects. The contribution 
of nonlinear counterpart to the total refraction can be written as [15,18]:  
n = no + ∆n          (2.12a) 
or     n = no + + n2I          (2.12b) 
where no and n2 are the linear and nonlinear refraction coefficients, respectively. 
 
2.3.6.3.   Nanohybrids of TiO2 nanoparticles in PMMA  
It has been widely accepted that optical nonlinearity of nanohybrid materials 
containing inorganic semiconductor nanoparticles embedded in an amorphous matrix 
can be enhanced by three approaches: (i) increasing the nanoparticles concentration; 
(ii) working at near-resonant wavelengths of the laser source; and (iii) adding the 
dielectric confinement effect. The latter is also well-known as a surface polarization 
effect which is induced by trapped state and vacancy defects [19]. This effect is 
governed by the dielectric constant ratio (ε1:ε2) of nanoparticles and their surrounding 
mediums. Based on this concept, therefore, there are two ways to enhance the 
dielectric confinement effect: (i) by using nanoparticles having a high refractive 
index, such as In2O3, SnO2, CdS, Pb(Se) to dope a matrix of low refractive index, 
such as SiO2, PMMA, Polyvinyl alcohol (PVA), and (ii) by using nanoparticles with a 
high refractive index, coated with a low refractive index layer, such as stearic acid, 
sulfonic acid sodium salt (DBS), or PVA.  
Based on the above concept, therefore, nanohybrids studied in this project can be 
thought as potential nonlinear optical materials since TiO2 in anatase form is an 
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inorganic semiconductor having high refractive index, i.e., ~2.45 and ~2.70 for rutile, 
and on the other hand the PMMA matrix only exhibits a refractive index of 1.49. Such 
difference in refractive index between nanoparticles and the surrounding matrix can 
be expected to result in enhancement of dielectric confinement effect responsible for 
large nonlinear optical response, in addition to the concentration of TiO2 nanoparticles 
and their size distribution. These nanostructural features are expectedly reflected by 
the results of the nonlinear optical measurements conducted on selected TiO2−PMMA 
nanohybrid thin film samples in this project. 
 
2.3.6.4.   Experimental set-up 
Nonlinear optical behavior of the nanohybrids in this work was determined by Z-scan 
technique. This technique was developed by a research group led by Van Stryland 
[20] and nowadays has been widely accepted as a simple and sensitive single laser 
beam method to identify the sign and quantify the magnitude of nonlinear absorption 
coefficient (β) and nonlinear refractive index (n2). It is termed as Z-scan technique 
since the transmission of a focused Gaussian beam through an aperture in the far field 
is measured as a function of sample position, z. This z position is recorded with 
respect to the focal plane and can be varied between – z and + z. A schematic diagram 
of the experimental set-up of this technique is illustrated in Figure 2.4. With the 
incident beam energy kept constant, the sample experiences incident electromagnetic 
fields of different amplitudes and phases at different z positions. If the sample is 
optically nonlinear, then its optical response, in the form of polarization P, is different 
at different z positions.  












In this work, two configurations of Z experimental set-up were performed. The first is 
closed aperture technique which refers to the experimental set-up involving a 
definite aperture by which the transmitted light is partially blocked. This technique 
was used to obtain the nonlinear refractive index (n2) of samples by assuming the total 
refractive index follows Equation 2.12b, i.e., n = no + n2I, where no is the linear 
refractive index and I is the light intensity. The working principle of this method can 
be understood by considering a sample possesses only a pure negative nonlinear 
refractivity where the values of n2 < 0 and with a thickness much less than the 
diffraction length of the focused beam. This sample can be regarded as a thin lens of 
variable focal length (Figure 2.5).  
When the sample moves from a distance far from the focus, i.e., at −z, the nonlinear 
refraction is negligible since the beam irradiance is low, resulting in relatively linear 
transmittance. The transmittance is defined as the ratio of the measured transmitted 
light intensity detected by detector D2 to the measured incident light intensity by 
Figure 2.4.  Schematic diagram of the Z-scan experimental set-up. D1 and D2 are 
the energy detectors that measure the input and transmitted energy respectively. 
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detector D1. Further moving the sample closer to the focus results in an increase in the 
beam irradiance and causes a self-defocusing or negative self-lensing effect which 
tends to collimate the beam (Figure 2.5a). If there is an aperture placed in front of 
detector D2, the resulted beam narrowing increases the measured transmittance. As 
the scan continues and the sample passes through the focus into the post-focus region 
(i.e., +z), the negative self-lensing will tend to increase the beam divergence, resulting 
in beam broadening at the aperture and a decrease in the measured transmittance 
(Figure 2.5b).  
There is a null value precisely at the beam focus, i.e., at z = 0. This is analogous to 
placing a thin lens at the focus, causing a minimal change of the far-field pattern of 
the beam. The Z-scan is completed when the sample is moved away from the focus 
until the beam irradiance is low and the transmittance becomes linear again. The 
overall resulting transmittance for a self-defocusing sample (n2 < 0) scanned over the 
pre- and post-focus region is illustrated in Figure 2.5c.  
By contrast, a material possessing positive nonlinear refractive, i.e., n2 > 0 gives rise 
to the opposite behavior, i.e., self-focusing or positive-self lensing effect. 
Consequently, the transmittance decreases when the sample is in the pre-focus region 
due to the beam broadening, and increases when it is in the post-focus region because 
of the beam narrowing (Figure 2.6).  
Based on the position of the peak and valley with respect to the position of the 
sample, one can use immediately the result of closed-aperture Z-scan experiment to 
identify the sign of nonlinear refractive index, n2.   
 





















Figure 2.5.  Schematic diagram of a self-defocusing sample (n2 < 0) placed (a) 
before and (b) after or the focal plane; (c) the corresponding transmittance in y-axis 
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The second set-up is open aperture technique which refers to the configuration 
where the entire laser beam transmitted by the sample is collected and detected. This 
measurement is performed without placing the aperture, resulting in the detector D2 
being unable to pick up the broadening or narrowing the transmitted beam. This 
technique has been used to obtain the nonlinear absorption coefficient (β) of the 
material by assuming the total absorption follows Equation 2.9b. i.e., α = αo + βI, 
where αo is the linear absorption coefficient. For a material possessing a positive 
nonlinear absorption coefficient, i.e., β  > 0, placing it at the large pre-focus region 
results in low beam irradiance and then negligible nonlinear absorption gives rise to a 
relatively linear transmittance. As the sample is moved towards the focus, the beam 
irradiance increases and causes a significant nonlinear absorption to occur, resulting 
in a decrease in the transmittance. Further moving the sample leads to a maximum in 
absorption at the focus (z = 0), where the beam irradiance is the largest and the 
transmittance demonstrates a minimum at this point. However, as the sample is 
moved away to the post-focus region, the beam irradiance decreases and the 
Figure 2.6.  The transmittance plot of the Z-scan from a self-focusing sample 
(n2> 0). 
n2 > 0 
 
0 
Chapter 2: Experimental Procedures 
 
84 
transmittance slowly returns to the original linear value. The Z-scan trace therefore 
shows a curve symmetric about the focal point where it has a minimum transmittance, 
an inverted hill as shown by curve “(a)” in Figure 2.7. For the sample with a negative 
nonlinear absorption coefficient, i.e., β  < 0, the Z-scan trace shows an opposite 














Generally, most materials show both nonlinear absorptive and refractive behaviors 
simultaneously. The result obtained from the closed aperture Z-scan experiment is 
therefore a combination of two effects, resulting mostly in a non-symmetric curve. To 
extract purely nonlinear refractivity, the normalized closed-aperture transmittance 
data is divided by the open aperture data.  
In practice, the Z-scan measurement on a sample is normally conducted by 
performing the open aperture test first, followed by the closed aperture test. Since the 
Figure 2.7.  Transmittance plots of open aperture Z-scan measured as a function 
of sample position for purely absorptive materials with (a) β > 0 and (b) β < 0. 
β < 0 
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resultant data also include the linear optical transmission of the sample, it is essential 
















βπ   (2.13) 
where I0 is the on-axis, maximum intensity of the laser pulse at focus, C is a 
normalization constant, Leff = [1-exp(- L0α )]/ 0α  is the effective thickness, L  is the 
sample thickness, z0 is the diffraction length of the laser beam, defined by 









. The nonlinear absorption coefficient (β) is thus determined by 
fitting Equation 2.13 to the experimental open aperture Z-scan data of Tn (z). 
For a thin medium, where L/nozo < 1; qo < 1 and Reχ(3) >Im χ(3), the nonlinear 
refractive index (n2) can be obtained by dividing the data of a closed aperture Z-scan 
by that of an open aperture Z-scan, when both scans were performed at the same 
incident intensity. By measuring the resultant curve of the difference between the 
peak and the valley of normalized transmission ( vpT −∆ ), the nonlinear refractive index 
n2 can be calculated by the following equation: 











∆= − πλ    (2.14) 
where )/2exp(1 22 aarS ω−−= is the linear aperture transmission with ra and aω  being  
the aperture radius and the beam waist, respectively. Furthermore, the imaginary and 
real parts of the third-order nonlinear optical susceptibility, Im χ(3) and Reχ(3), can be 
evaluated from β and n2 from the following relationships:  












)3( 2Re ncn εχ =     (2.16) 
where c is the light velocity and εo is the vacuum dielectric permittivity. Finally, the 
absolute third-order susceptibility χ(3) can be calculated by using the following 
equation: 
( ) ( ) ( )[ ] 2/123233 )(Im)(Re χχχ +=   (2.17) 
In this work, the Z-scan techniques were conducted by using 250 femtosecond laser 
pulses at 780−800 nm delivered by a mode locked Ti-sapphire laser with a repetition 
rate of 4.0 MHz. In order to check the thermal-lensing effect involved, the 
measurements on each sample were repeated with a lower repetition rate, i.e., 4 kHz. 
In addition, the measurements were also conducted with different input irradiances I, 
ranging from 0.23−5.90 GW/cm2, to verify whether the observed nonlinearities are of 
pure third-order type. 
 
2.3.7.   Pump-probe technique 
Another technique that was used to study the optical nonlinearities of nanohybrid 
materials in this work was pump-probe technique, which was employed to perform 
time-resolved measurements on ultra fast time scales. It is termed as pump-probe 
technique since there are two types of beams, i.e., pump and probe, directed onto the 
sample under investigation. By applying the pump pulse, the electrons are excited or 
‘pumped’ into higher energy level. However, the excited electrons will not remain 
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permanently and they return to the initial position after some time through relaxation 
process. During the pumping phase or the relaxation phase, the dynamic behavior or 
polarization of the sample can be studied by applying another beam which is ‘probed’ 
to pick up the response of the system to the excitation event created initially by the 















 Figure 2.8.  Schematic diagram of the pump-probe setup (Adapted from Ref. [17]). 
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In this work, the beam was obtained from the same laser source as that for Z-scan 
technique, i.e., a mode locked Ti-sapphire laser. Firstly, the pump beam was chopped 
synchronously at 500 Hz. The probe beam comes from the same source as the pump 
beam, however, it is delayed in time since the laser beam is split off by a beam splitter 
and sent off to travel down a different path. This path includes a delay line, which is a 
device that lengthens the path so that the resultant light has to travel longer relative to 
the pump beam. The transmitted probe energy was measured with a sensitive 
photodiode detector placed after the sample. A part of the pump beam was split off by 
picking up the weak reflection from the λ/2 plate before the sample, and was 
measured by another photodiode for reference. The transmitted and reference signal 
were used to determine T, the transmission of the probe pulse in the presence of the 
pump pulse, and T0, the transmission of the probe pulse in absence of the pump pulse. 
The value of the normalized pump-induced absorption change ln(T/T0) was determined 
as a function of the delay τ  between the pump and probe pulses. 
 
2.3.8.   Thin film thickness measurement 
The thickness measurement for the nanohybrid thin films was carried out by optical 
and stylus based techniques. The first technique utilizes surface plasmon resonance 
(SPR) spectrometry and spectral reflectance, while the second one employs surface 
profiler.  
2.3.8.1.   Surface plasmon resonance spectrometry  
Surface plasmon resonance (SPR) is a quantum optical-electrical phenomenon which 
arises from the interaction of light with a metal surface. The energy carried by 
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photons of light, under certain conditions, is transferred to packets of electrons which 
are called plasmon on a metal surface. Energy transfer occurs only at a specific 
resonance wavelength of light where the quantum energy carried by the photons 
exactly equals the quantum energy level of the Plasmon [21].  
In this project, the geometrical setup of SPR spectrometer used is the Kretschmann 
configuration, which consists of an illumination arm (laser, chopper, and polarizer), a 
double goniometer, a sample holder and a detection arm. A simplified schematic of 
the set-up is given in Figure 2.9a. The principle of measurement is based on the total 
internal reflection (TIR) of a light beam in a prism when it reaches a critical angle, θ1 
(Figure 2.9b).  With such configuration, a thin gold film coated on a high refraction 
glass slide is optically coupled to the prism by index fluid. At a specific incident 
angle, greater than the TIR angle i.e., θ2, the electrical field interacts with the free 
electron constellations in the gold surface (Figure 2.9c). The incident light photons are 
absorbed and converted into surface plasmons as oscillating electrons at the edges of 
the metal which in turn resonantly couple with the light because their frequencies 
match. Since light energy is absorbed in this resonance, the reflected intensity (I) 
shows a drop at the angle where SPR occurs (Figure 2.9d). When there is another 
medium such as a dielectric thin film on the thin gold film, the conversion of photon 
to plasmon must conserve the momentum and energy, which can be obtained by 
changing the incident light angle. The thin dielectric coating causes a shift in the 
dispersion relation to higher momentum, shifting the minimum reflectivity curve to a 
higher angle, i.e., θ3 (Figure 2.9e). By using WINSPALL simulation program, the 
minimum reflectivity curve of the dielectric and gold films can be fitted to the one of 
the bare gold, giving a simultaneous output of thickness and dielectric constant (and 
thus linear refractive index, no) of the thin film.  
























2.3.8.2.   Spectral reflectance technique 
The working principle of spectral reflectance is based on the amount of light reflected 
from a thin film over a range of wavelengths. When the sample is flat with a single 
Figure 2.9.  (a) Schematic diagram of the SPR Kretschmann configuration; (b) 
total internal reflection (TIR); (c) corresponding critical angle, θ1; (d) surface 
plasmons resonance angle θ2 ; (d) drop of the reflected light intensity at θ2 ; and (e) 
shifting of the curve to a higher angle θ3 with an insertion of a dielectric thin film 
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layer or multiple layers of thin films deposited, the reflected signal will be modified 
due to light reflecting from the coating and the substrate interfering according to the 
optical properties of the layers, i.e., linear refractive index, no and coefficient of 
absorption, k and their respective thicknesses [22]. The interference process is 








In practice, a fiber optic probe is used to capture the spectral reflectance from the 
sample. The system software generates a theoretical model of the reflectance based on 
the optical properties of the thin film material and compares it with the measured 
data. The input parameters to the model (n, k and d) need to be varied simultaneously 
until the measured spectrum coincides with that of predicted by the model within 
preset error limits, providing an accurately-estimated thickness. In this project, the 
spectral interference instrument employed is Filmetrics F20 Film Measurement 
System with a fiber-delivered light beam of 3 mm spot size.  
 
Figure 2.10.  (a) Reflectance of light from the surface of a flat substrate, R1; and 
(b) modulations of the reflected signal due to interference between the light from the 
film surface R1, and light transmitted through the film and reflecting from the 
substrate, R2 (Adapted from Ref. [22]). 
(a) (b) 
Air (n = 1, k = 0) 
R ~1 
Thin film (n > 1, k > 0) 
R1 R1 R2 
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2.3.8.3.   Surface profiler 
The measurement with a surface profiler is performed by scanning across a stylus 
which touches the surface of thin film sample over a prescribed length. The 
deflections of fine-tipped stylus provide information about step heights and widths of 
structure. In this project, Alpha-Step 500, Tencor surface profiler was employed with 
1 nm vertical resolution of surface to measure the thickness of nanohybrid thin films 
derived from diblock copolymer templating 
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As described in Chapter 1, several aspects concerning the synthesis and 
characterization of TiO2−PMMA nanohybrids have been investigated by previous 
researchers [1−3]. However, the nanohybrids derived from the in situ sol−gel 
polymerization exhibit low crystallinity, as other titania−polymer based nanohybrids 
[4−6]. In accordance with the scopes and objectives of the project stated in Section 
1.6, it is of considerable interest to understand the phenomenon involved. It is of 
further interest to investigate whether the crystallinity of titania phase in PMMA 
matrix can be enhanced to certain extent by fine tuning several synthesis parameters 
involved. These include variation in temperature for annealing process, concentration 
of the coupling agent used to bind the inorganic and organic constituents, water to 
alkoxide ratio and pH value of the inorganic sol solution. They each play an important 
role in the nucleation and growth of TiO2 clusters in the PMMA matrix. For the 
nanohybrids, the nanostructural features such as the particle size and the size 
distribution of TiO2 phase have never been properly studied in previous 
investigations. This could be due to the very small size of the nanoparticles involved, 
making the measurement extremely difficult. A thorough study by using transmission 
electron microscope is therefore necessary. The nanostructural features are indeed 
essential for understanding some of the physical phenomena observed in the 
nanohybrid. In connection with this, the present study will explore the nanohybrids as 
a new nonlinear optical material. The investigation will provide important information 
on how the characteristics of the inorganic nanoparticles embedded in the organic 
matrix can affect the functional properties of the nanohybrids.  
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3.2.  OBJECTIVES OF INVESTIGATION 
This chapter is first aimed at understanding the reason why a largely amorphous state 
has been observed for the TiO2−PMMA nanohybrids derived from in situ sol−gel 
polymerization. In order to fulfill this objective, nanohybrids were synthesized via the 
route developed by Chen et al. [3]. However, the inorganic precursor is modified by 
using a composition described in Section 2.2.1. As an initial stage of study in this 
project, the loading of TiO2 inorganic precursor is varied, similar to what was 
investigated by Chen et al. [2,3]. Phase formation and resulting morphology of TiO2 
nanoparticles are studied in order to assess the feasibility of forming the desired 
nanohybrids. This chapter is also aimed at investigating the feasibility of obtaining a 
class of TiO2−PMMA nanohybrid demonstrating nonlinear optical behaviors, which 
indeed have never been explored in the previous studies. In particular, such 
investigation will establish the correlations between the nanostructural characteristics 
and the resulting functional properties of the nanohybrids. The results in this chapter 
will be used as a reference point for further investigation into the nanohybrids derived 
from different conditions such as different annealing temperatures, concentrations of 
the coupling agent, pH values and water to alkoxide ratios. By varying the processing 
parameters, their effects on the nanocrystallinity of TiO2 phase in PMMA will be 
established. 
The objectives of this chapter can be therefore summarized as follows: 
(a) To explore the feasibility of synthesizing TiO2−PMMA nanohybrids by in situ 
sol−gel polymerization; 
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(b) To study the effects of different inorganic precursor loadings on the formation 
and morphology of TiO2 nanophase in PMMA and to understand the reason 
behind the low crystallinity normally observed for the nanohybrid; 
(c) To further investigate the effects of several other processing parameters involved 
in the in situ sol−gel polymerization including annealing temperature, 
concentration of the coupling agent, pH value and water to alkoxide ratio on the 
resulting nanostructures of the TiO2−PMMA hybrids;  
(d) To establish the linear and nonlinear optical properties of the TiO2−PMMA 
nanohybrids, as affected by the loading of TiO2 nanophase and nanostructural 
features; 




3.3. RESULTS AND DISCUSSION 
 
3.3.1. Phase characterization 
The synthesis procedures for the nanohybrid thin films consisting of TiO2 in PMMA 
matrix have been detailed in Section 2.2.1 of Chapter 2. In order to facilitate 
polymerization of organic MMA and MSMA monomers as well as densification and 
crystallization of TiO2 phase, the nanohybrid thin films were annealed at 60 oC for 30 
minutes and 150 oC for 3 hours. For labeling purposes, the resulting films of TiO2 in 
PMMA with different loadings of inorganic precursor were termed as T0, T20, T40, 
T60 and T80, respectively, referring to the amount (wt %) of titanium tetra-
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isopropoxide (TTIP) in the reaction mixture. Sample T0 is pure PMMA which was 
made for comparison purposes via the same procedures. Phase formation of TiO2 in 
these nanohybrids was firstly studied using FTIR spectroscopy. Figure 3.1 shows that 
a broad absorption band centered in the range of 3400−3500 cm-1 was observed for all 
nanohybrids, corresponding to the hydroxyl groups of Ti−OH [3]. Although the 
intensity of this band is rather weak for T20, it gradually increases with the increase 
of titania content in nanohybrids. The intense peak of this band is demonstrated by 
T80. It is related to the remaining hydrolyzed alkoxy group in the titanium tetra-
isopropoxide which can not be fully converted to nanocrystalline titania. Due to the 
high reactivity, titanium alkoxide tends to form stiff defective oxide networks which 
hinder the densification during the subsequent drying process [7]. With the highest 
loading of titanium alkoxide precursor, T80 exhibits the most intense Ti−OH 
absorption band. It should be noted, however, that the IR absorption band over this 
wavenumber range can also be contributed by the bending vibration of coordinated 
H−O−H bonds which are physically adsorbed by nanohybrids as capillary pore water 
and surface adsorbed water [8−10]. Prior to the FTIR measurement, all the samples 
were dried at 120 oC for 3 days in an oven and stored in the vacuum desiccator. They 
were transferred quickly from the desiccator to the sample holder in the 
spectrophotometer. This was to avoid moisture absorption and therefore the amount of 
adsorbed water is minimized. The band at ~3400−3500 cm-1 was thus assigned to the 


















Chen et al. [2, 3] attributed the presence of Ti−OH band to the insufficiently high 
curing temperature (150 oC), since a temperature of higher than 400 oC is required for 
formation of crystalline TiO2. Anpo et al. [11] suggested that photo-catalytically 
active anatase TiO2 can only be achieved with an annealing temperature of higher 
than 450 oC. For the case of the nanohybrid under investigation in this project, 
incomplete conversion is highly possible to occur at the annealing temperature of 150 
oC. As a result, TiO2 phase in nanohybrids exhibits a short-range order only, as 
represented by the small peak at ~450 cm-1 which is assigned to Ti−O stretching 
vibration [12]. This largely amorphous behavior applies to T20−T60. However, T80 
Figure 3.1.  FTIR spectra of the TiO2−PMMA nanohybrids with different 
loadings of inorganic precursor from 20 to 80 wt % in the reaction mixture 
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exhibits a rather different behavior where a strong and broad absorption band ranging 
from 400−900 cm-1 is clearly shown. This band, centered at ~650 cm-1, is accounted 
for by the vibration of Ti−O−Ti groups [13−16] and suggests the occurrence of TiO2 
phase [17,18]. Given the coexistence of Ti−O and Ti−O−Ti stretching vibrations, 
therefore, T80 contains a mixture of amorphous and semi-crystalline TiO2 phases in 
the PMMA matrix.  
Stretching vibration bands of C−O−C, C=O and C−H bonds are observed at 
1003−1258, 1737 and 2950 cm-1 for all samples, confirming polymerization of MMA 
monomers in nanohybrids upon annealing process at a temperature of higher than 
110oC [19]. There also exist two strong stretching vibration bands at 914 and 1277 
cm-1, which are attributed to Ti−O−Si and Si−C, respectively. These bonds are 
generated from the coupling agent MSMA and their occurrence suggests a strong 
interaction between the organic and inorganic moieties. 
A further study on the phase formation of nanohybrids was carried out by using X-ray 
powder diffraction (XRD). Figure 3.2 shows XRD patterns of T20-T80. A hump over 
the 2θ range of 20−30o is observed for T20 and T40, corresponding to the amorphous 
nature of PMMA matrix. This confirms what have been shown by FTIR studies that 
no obvious crystalline phase occurred in the two samples. The onset of crystallinity 
was demonstrated by T60, represented by several broadened peaks at around 2θ 
angles of 25-26, 38, 48, 54 and 63o, corresponding to (101), (112), (200), (211), and 
(204) crystal planes of anatase. The broadening of X-ray diffraction traces strongly 
suggests the nanocrystalline nature of TiO2 phase. This agrees well with the results 
obtained by Chen et al. [3] with nanohybrids containing 50 and 70 wt % of titanium 
alkoxide incorporated in the reaction mixture. The field emission scanning electron 
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microscopy (FE-SEM) of Chen et al [3] confirms that the domain size of TiO2 in 
nanohybrids was very fine and estimated to be smaller than 10 nm. Further increase in 
intensity for the above mentioned peaks was demonstrated by T80, suggesting a 
significant enhancement in nanocrystallinity of TiO2 phase. This agrees well with the 
results of FTIR studies confirming establishment of Ti−O−Ti bonds, which is 
indicative of TiO2 phase with long-range order. Beside anatase, however, T80 also 
shows additional peaks at 2θ angles of 27, 36 and 41o, which can be assigned to (111), 













Figure 3.2.  XRD traces of the TiO2−PMMA nanohybrids with different loadings 
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3.3.2.  Morphology of nanoparticles  
To gain more information on the nanostructural feature of the nanohybrids, further 
study was performed with high resolution transmission electron microscopy 
(HRTEM). It should be noted that the HRTEM samples were prepared by spin casting 
the nanohybrid solution onto quartz substrates, followed by annealing schedule as 
described previously. The annealed thin films of nanohybrids were then peeled-off 
from the substrates using a razor blade, ground finely in the mortar and finally 
dispersed in ethanol prior to careful dropping onto carbon holey coated copper grid. 
The reason behind the preparation procedures of HRTEM samples is based on the 
consideration that the nanohybrids will be investigated for their optical properties. For 
this purpose, they must be coated as thin films on the quartz substrates. Therefore by 
preparing HRTEM samples with the same procedure, the data will be useful to 
establish the correlations between the nanostructural parameters and functional 
properties/behavior of the nanohybrids. 
Figures 3.3a−3.3c are the bright-field HRTEM images for nanohybrid thin films T40, 
T60 and T80, respectively. It can be clearly seen that they consist of titanium oxide 
nanocrystallites of ~5−10 nm dispersed in a largely amorphous phase of PMMA 
matrix. Average crystallite sizes of 6.5 + 1.1 and 4.7 + 1.2 nm were measured for 
samples T60 and T80, respectively. While a rather uniform dispersion of TiO2 
nanoparticles was achieved in T60, particle aggregation occurred in T80, where the 
nanocrystalline TiO2 particles occurs as aggregates of ~100−200 nm in size, although 
their discrete particle sizes are slightly smaller than those of T60. As expected, T40 
exhibited a smaller TiO2 crystallite size than that of T60, coupled with a more 
reduced number of TiO2 particles in the PMMA matrix.  





















By contrast, T20 does not reveal any nanoparticles (Figure 3.3d). This is due to the 
nature of TiO2 phase in this sample, which existed as very small clusters in a short-
range order, as has been confirmed by FTIR and XRD studies. Measurements of the 
d-spacing in the lattice fringe of grains in T60 and T80 provides a value of 0.352 nm, 
which agrees well with the d-value of the (101) crystal plane in anatase. However, it 
was found in T80 that some grains give d-values of 0.249 and 0.219 nm, which are 
very close to the lattice spacing of the (102) and (221) planes of the brookite TiO2 
Figure 3.3.  High resolution electron microscopy (HRTEM) images of 
nanohybrid thin films (a) T40, (b) T60, (c) T80, and (d) T20, at the magnification 
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structure, respectively. This confirms the presence of this phase as revealed by several 
additional peaks at 2θ of 27.45, 36.05 and 41.45o in XRD traces of Figure 3.2.  
 
3.3.3. Thermal properties  
To understand thermal behavior of the nanohybrids, the dried gel samples were 
prepared as detailed in Section 2.3.4 and subjected to thermal gravimetric analysis 
(TGA) in a nitrogen flow at a heating rate of 20 oC/min. For comparison purposes, 
samples of pure PMMA (T0) and TiO2 (T100) were also synthesized via the same 
procedure for solution preparation but annealed at 150 and 400 oC for 3 hours, 
respectively. The TGA curves for all samples are illustrated in Figure 3.4. In general, 
they demonstrate four stages of the weight loss during the course of heating process 
up to 850 oC. The first weight loss started immediately upon heating from room 
temperature to 150 oC, corresponding to evaporation of the residual ethanol, THF and 
loosely bound water. Ethanol and THF were still present in the dried gel samples 
since they were initially used as solvents in the precursor solution and the drying at 60 
oC for several days could not remove them completely. In addition, together with 
water, ethanol is also a by-product of the alcoxolation and oxolation condensation 
through which the network of TiO2 phase is formed. In contrast to the immediate 
weight loss shown by the nanohybrid samples, the TGA curve of pure PMMA (T0) 
over this temperature range was maintained to be considerably horizontal up to ~240 
oC. This is understandable since it had been annealed at 150 oC for several hours and 
therefore it had been completely polymerized. The strong covalent bonds built among 
the polymer chains prevent dissociation upon heating in this temperature range. A 
similar thermal stability was also demonstrated by T100, where only a slight decrease 
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in mass occurs, not only below 150 oC but also continues up to 850 oC. Such stability 












Upon further heating, the second stage of weight loss took place between 150 and 400 
oC. In this range, both nanohybrids and pure PMMA demonstrated a significant 
decrease in mass. The drop in each TGA curves is much more pronounced than that of 
the first stage. This is attributed to the breakdown of PMMA segments, which in turn 
gives rise to loss of carbon, hydrogen and oxygen through oxidation. In this 
degradation stage, T0, T20, T40, T60 and T80 show a decomposition temperature 






















Figure 3.4. TGA curves of the TiO2−PMMA nanohybrids (T20−T80), pure PMMA 
(T0) and pure TiO2 (T100) in a nitrogen flow at a heating rate of 20 oC/min. 
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nanohybrids are higher than that of pure PMMA. In this regard, the role of inorganic 
constituent in enhancing the thermal stability of nanohybrids is obvious. This strongly 
suggests that titanium alkoxide has been successfully incorporated into the polymer 
matrix. 
Following subsequent heating, nanohybrids underwent the third stage of weight loss, 
as represented by the gradual slope in TGA curve occurring over the short 
temperature range between 400 and 500 oC. It is ascribed to further combustion of the 
remaining residues in the hydroxyl groups [20]. In addition, it is also related to the 
decomposition of coordinated compounds resulted from the interaction between the 
Ti−O bonds and polymer matrix [16]. It supports the previous finding concerning Td 
that a stable bonding exists between the organic and inorganic components in the 
nanohybrids.  
Beyond 500 oC is the fourth stage, where all the samples show no appreciable weight 
loss. This suggests that the remaining constituents in nanohybrids in this temperature 
range were stable TiO2 phase, based on the close similarity demonstrated by their 
TGA curves and that of T100, although a very gradual slope was shown by the 
nanohybrids. This indicates that there was a further decomposition taking place with 
the organic moieties trapped in the inorganic network. It was also suggested by the 
black char appearance of residues observed with white TiO2 powder after the TGA 
runs. This confirms the existence of a strong bonding between inorganic and organic 
moieties in nanohybrids, which has been built during the in situ sol−gel process using 
MSMA as a coupling agent [21]. Similar result was also observed by Yeh et al. [22] 
in their titania-PMMA samples, where 2-hydroxyethyl methacrylate (HEMA) was 
used as an alternative coupling agent. In addition, it can be clearly seen from Figure 
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3.3.4.  Linear and nonlinear optical properties  
As mentioned in Section 2.2.1, nanohybrids were prepared as thin films on quartz 
substrates and characterized in order to study their optical properties. Linear 
absorption spectra of these films were measured using UV−Vis spectroscopy at the 
wavelength range 800−200 nm. Surface Plasmon Resonance (SPR) spectrometer with 
Kretschmann configuration and a laser beam of 632 nm in wavelength was used to 
measure the linear refractive index (no) and thickness. A more detailed account on 
SPR spectroscopy used for thickness and refractive index measurements in this 
investigation was described in Section 2.3.8 of Chapter 2. The sample thickness as 
determined by SPR spectrometry is 350, 296, 355 and 253 nm for T20, T40, T60 and 
T80, respectively. Figure 3.5 plots the linear absorption spectra of the nanohybrid thin 





















The above figure shows that all four samples are transparent in the visible region. The 
onset of absorbance for nanohybrid thin films T20, T40 and T80, as a result of the 
excitation of electrons from the valence band to the conduction band of TiO2, is 
observed at the wavelength of about 350−380 nm. However for the case of T60, a 
broader onset is demonstrated in which the absorption edge wavelength of TiO2 is 
significantly red-shifted. The difference in absorption wavelength indicates a 
difference in the band gap of TiO2 with increasing loading of the inorganic phase. The 
band gap energy, Eg of nanohybrids near the absorption edge was determined using 
Equation 2.4 in Chapter 2. Figure 3.6 shows the intercepts of tangents to the (αhν)2 
versus photon energy (hν) plots, estimating a band gap energy, Eg of 3.85, 3.81, 3.54 
and 3.74 eV for T20, T40, T60 and T80, respectively. These results are considerably 
shifted from the bulk value of 3.20 eV for TiO2, confirming that the size of 
nanocrystallites of titanium oxide in the polymer matrix is very small as observed by 
Figure 3.5.  UV−Vis spectra of transparent nanohybrid thin films of TiO2 in 
PMMA. 
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HRTEM. Similar behavior was reported for the case of PbS nanoparticles in polymer 













Such shift of the band gap energy can also be confirmed by studying the shift of 
absorption maximum of the spectra in Figure 3.5, as the titania content increases. As 
has been reported, the shift of the peak maximum becomes significant when TiO2 
particle size is less than 10 nm [24]. The decrease in band gap energy from 3.85 eV 
for T20 to 3.54 eV for T60 indicates an increase in the average size of TiO2 
nanoparticles, and still in the range below 10 nm. It is also of interest to note that the 
band gap energy of T80 is higher than that of T60. This, again, confirms what has 
been observed by HRTEM that the crystallite size of TiO2 nanocrystallites in T80 is 
smaller than that of T60. This will be further discussed in connection with nonlinear 
optical measurements. 
Figure 3.6.  Estimation of the band gap energy, Eg, for nanohybrid thin films of 
TiO2 in PMMA. 
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The linear refractive indices (no) of the spin coated nanohybrid films measured by 
SPR spectrometer at 632.8 nm were 1.554, 1.618, 1.641 and 1.718 for T20, T40, T60 
and T80, respectively. This confirms that increasing loading of titania into PMMA 
gives rise to an increment in refractive index, which is comparable with the results of 
Chen et al. [3].  
To further study the correlation between the nanostructural characteristics and 
functional properties, the nanohybrids were characterized for nonlinear optical 
behavior as described in Section 2.3.6.3 of Chapter 2, by using pump-probe and Z-
scan techniques. For pump-probe technique, a mode-locked Ti:Sapphire laser at 780 
nm delivering 250 femtosecond pulses with a repetition rate of 4 MHz at a pump-
beam intensity of 2.2 GW/cm2 was used. Figure 3.7 shows a temporal behavior of the 
photo-induced absorption change of nanohybrids, in which ∆T/T is the probe 
transmission as a function of the probe delay. All four nanohybrids exhibit nonlinear 
optical signal with a very fast characteristic relaxation time of about 1.5 picoseconds. 
The highest time-resolved ∆T/T signal is given by T60, followed by T80, T40 and 
T20, respectively. For comparison purposes, the same experiment was performed on 
both pure PMMA and TiO2 thin films synthesized via the same route from solution 
preparation and annealing process. There were no signals observed from those 
samples. However, it should be noted that the annealing temperature applied to the 
TiO2 thin film for this purpose is different from that for TGA study. Instead of heating 
at 400 oC, the TiO2 thin film was only annealed at 150 oC. This will be further 
discussed together with the results of the following Z-scan techniques, in connection 
with the previous analyses of FTIR, XRD and HRTEM studies. 
 













To confirm the observed pump-probe result, Z-scan measurements were conducted. 
Open aperture Z-scan was performed to obtain two-photon absorption coefficient (β) 
as has been described in Section 2.3.6.4 of Chapter 2.  The measured normalized 
transmissions on nanohybrid thin films are shown in Figure 3.8. The curves are nearly 
symmetrical and have a minimum at z = 0 which indicates that β is positive. It also 
shows that the β  value increases with increasing titanium oxide content up to the 
maximum given by T60. Further increase in titanium oxide content as given by T80, 
however provided a decrease. A β value of 160, 510, 1400 and 550 cm/GW was 
obtained for T20, T40, T60 and T80, respectively. 
 
Figure 3.7.  Results of the pump-probe experiments with TiO2−PMMA 
nanohybrids. Time-resolved probe differential transmittance ∆T/T signal was 
measured at the pump beam intensity, I of 2.2 GW/cm2. 

































The nonlinear refractive index (n2) was obtained by performing closed aperture Z-
scan. Figure 3.9 shows the experimental observation of closed aperture Z-scan for all 
four transparent nanohybrid thin films of TiO2 in PMMA. They all show a positive 
nonlinearity, i.e., the normalized transmission exhibits a pre-focal transmission 
minimum (valley), followed by a post-focal transmission maximum (peak). Similar to 
the open aperture experiments, they also exhibit a strong dependence on the weight 
percentage of titanium oxide in PMMA. Again, the nonlinearity increases with 
increasing titanium oxide content and reaches a maximum value in T60.  The 
calculated value of the nonlinear refractive indices (n2) for T20, T40, T60 and T80 
are 0.17 x 10-2, 0.90 x 10-2, 2.50 x 10-2 and 1.00 x 10-2 cm2/GW, respectively. 
Figure 3.8.  Results of the open aperture Z-scan experiments performed with 780 
nm, 250 femtosecond laser pulses on TiO2−PMMA nanohybrids. The input 
irradiance used was I = 5.9 GW/cm2 with the beam waist, ω0 = 13 µm. The solid 














































The imaginary and real parts of third-order nonlinear optical susceptibility can be 
calculated using Equations 2.15 and 2.16. For the calculation purpose, the linear 
refractive index (no) of nanohybrid thin films at 780 nm was estimated first using a 
simulation program carried from the no data obtained by SPR spectroscopy at 632 nm. 
The simulation results provided no at 780 nm of 1.537, 1.603, 1.626 and 1.704 for 
T20, T40, T60 and T80, respectively. 
The calculated Re χ(3) for T20, T40, T60 and T80 are 1.0 x 10-10, 6.0 x 10-10, 17.0 x 
10-10 and 7.5 x 10-10 esu, and Im χ(3)  are 0.9 x 10-10, 3.2 x 10-10, 8.9 x 10-10 and 3.9 x 
10-10 esu, respectively. Apparently the imaginary part of the third-order susceptibility 
is lower than that of real part, which agrees with the two-band theory [25]. Moreover, 
Figure 3.9.  Results of the closed aperture Z-scan experiments on the nanohybrid 
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the absolute values of third-order susceptibility χ(3) were calculated by using Equation 
2.17, giving values of 0.14 x 10-9, 0.67 x 10-9, 1.93 x 10-9 and 0.84 x 10-9 esu for T20, 
T40, T60 and T80, respectively. Apparently, the χ(3) value for T60 is about two 
orders of magnitude higher than that of the inorganic nanocomposite of TiO2−SiO2 
reported by Zhou et al. [26]. 
From the pump-probe and Z-scan measurements, it is obvious that the nonlinear 
optical responses were observed with the nanohybrid thin films of TiO2 in PMMA 
prepared in this project. As mentioned before, the same experiments were performed 
on pure PMMA and TiO2 thin films, and no signals were obtained. This shows that 
the behavior was due to the interaction between inorganic nanoparticles and matrix in 
nanohybrids, not by the individual components. More interestingly, it is also clearly 
demonstrated that such properties show strong dependence on titanium oxide loading. 
Similar behavior was also obtained by Wang et al. [27] who observed that the 
nonlinear absorption of poly(styrene maleic anhydride)/PSMA−TiO2 nanocomposites 
increased as the weight percentage of TiO2 increased from 15 to 43.9 %. The 
explanation of such interesting nonlinearity behavior can be based on nanometer-sized 
particles of higher refractive index embedded in the surrounding environment of 
lower refractive index. As a result of the large interface of TiO2 nanoparticles, when 
wrapped by PMMA possessing smaller dielectric coefficient, there will be a strong 
electric charge interaction between them resulting in electric dipole layer at the 
nanoparticles surface. This effect can be considered as a dielectric confinement effect 
or surface polarization, which in turn accelerates the separation of excited charges and 
enhances electric field inside the nanoparticles [28,29]. The excitations in lower state 
of TiO2 nanoparticles absorb two photon energies to transfer to the higher state, 
resulting in an accumulative result of two-photon absorption. In terms of the atomic 
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bonding, the origin of nonlinear refractive index is related to hyper-polarizability of 
Ti-O pairs, as reported by Zhu, et al. [30] for TiO2-containing glass.  
More specifically, the present study shows that there is an optimum concentration of 
nanocrystalline TiO2 in the nanohybrids, which gives the strongest response for 
nonlinear optical behavior. This is provided by T60, derived from incorporating 60 wt 
% titanium tetra-isopropoxide in the reaction mixture. Studies using HRTEM 
confirmed that the nanohybrid consists of titanium oxide nanocrystallites of 6.5 + 1.05 
nm in sizes in the polymer matrix. Its UV−Vis spectrum, as compared to those of T20 
and T40, also suggests that this is the size range for the nanoparticles in PMMA. The 
blue shift in the spectra of T20 and T40 further indicates that a finer particle size in 
these two compositions. 
In the case of nanohybrid T80, as mentioned before, UV−Vis studies suggested that 
the nanoparticles of TiO2 were smaller than those in T60. However, this is 
contradictive to the expectation that a higher titanium oxide loading in the precursor 
would encourage a larger crystallite size. However, its nonlinear optical response, as 
compared to that of T60 suggests the otherwise. This can be accounted for by the 
consideration that a too high loading of titanium alkoxide can lead to formation of a 
network consisting of hydrolyzed titanium alkoxides, instead of individual oxide 
nanoparticles. This has been confirmed by studies using HRTEM. As shown in Figure 
3.3c, the nanocrystalline particles in T80 occur as aggregates of ~100−200 nm in 
sizes, although their discrete particle sizes are smaller than those in T60. A similar 
behavior was observed using field emission scanning electron microscopy (FE-SEM) 
by Chen et al. [3], showing long TiO2 segments of 100−400 nm in the thin film 
containing 90 wt % of hydrolyzed titanium-butoxide in PMMA matrix. As a 
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consequence, the quantum confinement effect responsible for nonlinear optical 
responses decreased remarkably. In addition, as has been shown by FTIR studies in 
Figure 3.1, annealing of the spin coated films at 150 oC was not sufficient to 
transform the network of hydrolyzed titanium alkoxide into discrete crystallites of 
titanium oxide. Therefore the decrease in nonlinear optical responses in T80 could 
also be contributed by the mixed nature of amorphous and semi-crystalline TiO2 
phases existing concurrently. The existence of amorphous TiO2, which is resulted 
from the unconverted Ti−OH, can cover the crystalline anatase TiO2 nanoparticles 
and prevent the latter from direct contact with the PMMA matrix. The coverage of 
anatase nanoparticles by other phases than PMMA in T80 can also be complicated by 
the presence of the brookite phase, as has been detected by XRD study in Figure 3.2 
for this composition. This condition therefore decreased the difference in refractive 
index between the anatase TiO2 nanoparticles and PMMA matrix, which is essentially 
required in generating the dielectric confinement or surface polarization effect 
responsible for optical nonlinearity.  
The aspects described above have also been shown indirectly in FTIR spectra of Chen 
et al. [3], demonstrating that the occurrence of Ti−OH absorption band over the range 
of 3400−3500 cm-1 is more intense in nanohybrids with higher titania loading. Based 
on FTIR and FE-SEM studies, they concluded that the amount of titanium alkoxide 
monomer should be limited.  Moreover, these aspects also explained why nonlinear 
optical signal was not observed with TiO2 thin films in this study, in contrast to the 
result obtained by Hashimoto et al. [31] on the sol−gel films of TiO2, which provides 
χ(3) values of 2.4 x 10-12 and 4.0 x 10-12 esu for anatase and rutile, respectively.  
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3.3.5.   Effects of processing parameters on nanocrystallinity  
3.3.5.1.   Annealing temperature 
Having studied the nonlinear optical behavior and its dependence on nanocrystallinity 
in nanohybrids, it is of interest to investigate whether the nanocrystallinity of TiO2 
phase in PMMA can be enhanced by variation of other processing parameters. For 
this purpose, however, nanohybrid with too high loading of titanium alkoxide in the 
reaction mixture such as T80 cannot be investigated further. There were severe 
aggregation and phase complexity in this composition, as have been revealed by 
HRTEM and XRD studies. Therefore, nanohybrid T60, consisting of rather uniform 
distribution of anatase TiO2 nanocrystallites in PMMA was chosen for further 
investigation.  
Based on previous FTIR and XRD studies, it was presumed that the annealing 
temperature of 150 oC was not sufficiently high to convert the hydrolyzed titanium 
alkoxide into nanocrystalline TiO2 phase in the PMMA matrix. Therefore, the 
annealing temperature was varied. Figure 3.10 shows the XRD traces of T60 annealed 
for 12 hours at different temperatures of 150, 200, 300 and 450 oC.  
As has been shown by previous XRD results in Figure 3.2, T60 annealed at 150 oC 
(trace “(a)”) demonstrated several very broad peaks at 2θ angles of 25─26, 48 and 55o 
representing the onset of crystallization of anatase. With increasing annealing 
temperatures up to 300 oC (trace “(c)”), however, all these peaks did not show any 
significant increase in intensity. This is beyond the expectation that increasing the 
annealing temperature could trigger more conversion of Ti−OH into nanocrystalline 
TiO2. Based on this fact, it was likely that up to 300 oC, the nature of condensation 
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and densification processes of titanium oxide was more or less the same, i.e. there 
existed an immediate trapping process of hydrolyzed titanium alkoxide network in the 
PMMA matrix once the latter underwent a complete polymerization at ~150 oC. With 
its rigid network, fully polymerized PMMA matrix prevented the trapped hydrolyzed 
titanium alkoxide network from undergoing a subsequent densification to form 
Ti−O−Ti bonds with long-range order and thus nanocrystalline TiO2. The resulting 
networks therefore could be stiff Ti−OH coupled with the short-range ordered Ti−O 
bonds, as revealed by FTIR results in Figure 3.1. Indeed, there formed some Ti−O−Ti 
bonds upon condensation; although the amount was limited. A limited increase in 










 Figure 3.10.  XRD traces of the nanohybrid T60 annealed at (a) 150, (b) 200, 
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A considerable enhancement in TiO2 nanocrystallinity was obtained when the sample 
was annealed at 450 oC (trace “(d)”). The explanation can be based on previous TGA 
studies shown in Figure 3.4. From the respective TGA curve, the decomposition 
temperature (Td) of nanohybrid T60 was ~345 oC. The thermal stability of PMMA 
was maintained when annealed at 150 and 200oC. However, at 450 oC the polymer 
matrix had already undergone degradation due to dissociation of PMMA segments. 
As a consequence, little hindrance or barrier effect existed for the remaining 
hydrolyzed titanium alkoxide or stiff Ti−OH networks. Therefore these networks can 
rearrange among themselves to further condense into nanocrystalline TiO2, as clearly 
represented by XRD peaks at 2θ of 25.38, 38.45, 48.25, 54.85 and 63.38o 
corresponding to (101), (112), (200), (211) and (204) crystal planes of anatase titania 
phase. 
In order to further confirm what has been deduced from XRD and TGA studies, FTIR 
spectroscopy was performed on those four nanohybrids. The results are shown in 
Figure 3.11, where the studies are also aimed at providing further detailed information 
on the condensation and densification mechanism of TiO2 upon annealing, which 
occurred concurrently with the polymerization and degradation of polymer matrix. As 
has been demonstrated by previous FTIR spectra in Figure 3.1, the nanohybrid 
annealed at 150 oC shows a strong absorption Ti−OH band in the range of 3400−3500 
cm-1. At the annealing temperature of 200 oC, the band intensity demonstrates a 
decrease. It gave impression initially that there was a significant conversion of Ti−OH 
into Ti−O−Ti networks. However, the band intensity in the range from 900−400 cm-1 
does not show any remarkable enhancement, indicating a low nanocrystallinity of 
TiO2 phase. This is in a good agreement with what has been shown by the XRD traces 
“(a)” and “(b)” in Figure 3.10. Therefore this suggests that such decrease in intensity 
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over the range 3400−3500 cm-1 could be attributed to the removal of chemisorbed 
















At the annealing temperature of 300 oC, a further significant decrease in the 
absorption band in the range 3400−3500 cm-1 was demonstrated, accompanied with a 
noticeable enhancement in intensity of Ti−O−Ti band over the range 900 to 400 cm-1. 
This implies that the remaining hydrolyzed titanium alkoxide, stiff Ti−OH networks 
and the short-range ordered Ti−O bonds had been released from the PMMA trapping 
and furthermore rearrange themselves to form crystalline TiO2. The process was made 
Figure 3.11.  FTIR spectra of the nanohybrid T60 annealed at (a) 150 (b) 200, 
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possible by the degradation of the PMMA, which started to take place at temperatures 
of ~270 oC. The FTIR spectra clearly show the sequence of peak weakening at 2950, 
1737, 1650, and 1258−1003 cm-1 as the annealing temperature increases from 150 to 
300oC. This is obviously attributed to the breakdown of C−H, C=O, C=C, and 
C−O−C bonds [2]. The densification of Ti−O−Ti bonds can be considered as an early 
stage for formation of TiO2 phase. Consequently, the XRD peak intensity of the 
sample annealed at 300oC (trace “(c)” in Fig. 3.10) is similar to those annealed at 
lower temperatures (traces “(a)” and “(b)” in Fig. 3.10). The peaks were apparently 
sharpened the nanohybrid was annealed at 450oC. The occurrence of TiO2 phase is 
also obviously seen with a very intense absorption band of Ti−O−Ti at 900−400 cm-1. 
It was noted that there was a peak at around 910 cm-1 which existed consistently 
throughout the annealing temperature from 150 to 450 oC. This band was assigned for 
the stretching vibration of Ti−O−Si bonds arising from the interaction between TiO2 
and PMMA in association with the coupling agent MSMA. The presence of this band 
in the nanohybrid annealed at 450 oC suggests that although the polymer matrix has 
been largely burnt off, there still existed some remaining segments. This agrees well 
with what has been shown by the TGA results in Figure 3.4, where the third and 
fourth stages of weight loss are in association with the decomposition of remaining 
segments.  
The above discussions agree with what has been previously reported by Chen et al. [2, 
3] who proposed that a temperature of higher than 400 oC is required for the 
formation of crystalline TiO2 phase. However, while this can be applied to obtain pure 
titania, the requirement is different for titania−polymer nanohybrids. This is 
confirmed with their further studies of aminoalkoxysilane-capped pyromellitic 
dianhydride (PMDA)−titania hybrid [6]. Given that such a high temperature was 
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required for developing TiO2 nanoparticles of enhanced crystallinity, PMDA was 
employed to replace PMMA as the polymer matrix. Due to highly thermal stability of 
PMDA, the nanohybrids could be annealed up to 300 oC. However, their FE-SEM 
study confirmed that there were no apparent inorganic domains formed. Therefore, 
the present investigation has confirmed one important point concerning the successful 
development of TiO2-based nanohybrid, i.e., an incomplete condensation of Ti−OH 
groups and their conversion to nanocrystalline TiO2 phase in the polymer matrix 
cannot be merely relied on by raising the annealing temperature. 
 
3.3.5.2.   Coupling agent concentration 
As has been described in section 2.2.1 of Chapter 2, MSMA was introduced to as a 
coupling agent between the inorganic titanium alkoxide precursor and the organic 
MMA matrix. Figure 3.12 illustrates the reaction scheme expected for the 
incorporation of MSMA and MMA into the network. A constant 
MSMA/(MSMA+MMA) molar ratio of 0.25 was used in the nanohybrid preparation. 
TGA and FTIR studies confirmed that the thus derived nanohybrids demonstrated a 
strong interaction between the inorganic and organic moieties. For optical properties, 
this can be beneficial since the resulting nanohybrid is transparent in the visible 
region. On the other hand, however, such a strong bonding may have a reverse effect 
on the TiO2 formation, i.e., the strong hindrance experienced by the hydrolyzed 
titanium alkoxide (Ti−OH networks) in PMMA gave rise to largely amorphous TiO2 
phase. Therefore it is of further interest to investigate whether an incorporation of a 
lower concentration of coupling agent at the solution preparation stage can provide a 
higher flexibility for the hydrolyzed titanium alkoxide to undergo densification in the 
PMMA matrix during the subsequent annealing process. By having so, it is expected 
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that Ti−O−Ti bonds will be able to develop a long-range order, such that 
nanocrystalline TiO2 particles can be formed. The amount of 
MSMA/(MSMA+MMA) molar ratio was reduced down to 0.05  and the resulted 
















Figure 3.12.  Reaction scheme for formation of TiO2−PMMA nanohybrids. 
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Figure 3.13 is the XRD traces for both nanohybrids showing two broadened phase 
peaks at 2θ angles of 25.35 and 48.12o that can be assigned to (101) and (200) crystal 
planes of anatase phase. The nanohybrid derived from the coupling agent ratio of 0.05 
shows slightly stronger diffraction peaks than those derived from the coupling agent 









For further confirmation, FTIR spectroscopy of the two nanohybrids was investigated. 
The stretching vibrations for both samples are shown in Figures 3.14 and 3.15, for 
both low wavenumber range (1100−400 cm-1) and high wavenumber range 
(4000−2400 cm-1), respectively. Figure 3.14 shows the occurrence of absorption 
bands located at 450 and 650 cm-1 which can be assigned to Ti−O and Ti−O−Ti 
stretching vibrations, respectively, as has been discussed in the previous sections. In 
addition, there is an additional band at 910 cm-1, corresponding to the stretching 
vibration of Ti−O−Si bond [32]. Although the two nanohybrids show similar 
Figure 3.13.  XRD traces of nanohybrid T60 derived from ratio 
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intensities, however a careful comparison reveals that there occurs a considerably 
higher band intensity in the range of 1000−1200 cm-1 in spectrum ”(b)”, in 
comparison to spectrum ”(a)”. This band, with the strongest absorption peak located 
at ~1080 cm-1, is assigned to the Ti−O−C stretching mode originated from the 
remaining unhydrolized alkoxy groups [20,33]. Although there is a possibility of 
overlapping with C−O−C bonds originated from the PMMA matrix in the range of 
1039−1192 cm-1 [2], however the same amount of MMA monomer was incorporated 
into both nanohybrids. This was further confirmed by checking the stretching 
vibration of C−H bond at 2950 cm-1 as shown in Figure 3.15. Both spectra ”(a)” and 
”(b)” are very similar in intensity. Therefore it can be concluded that the enhanced 
intensity at ~1080 cm-1 in spectrum ”(b)” of Figure 3.14 is related to the higher 









 Figure 3.14.  FTIR spectra of the nanohybrid T60 derived from MSMA/ 
(MSMA+MMA) ratio of (a) 0.25 and (b) 0.05, respectively, in the low 




































It is of further interest to investigate the reason behind the enhanced nanocrystallinity 
shown by the nanohybrid derived from the lower coupling agent ratio. One approach 
is to look at the three absorption bands, i.e. Ti−OH at ~3400 cm-1, Ti−O−C at 1080 
cm-1 and Ti−O−Si at 910 cm-1. As seen in Figure 3.15, the intensity of Ti-OH band for 
the nanohybrid derived from the coupling agent ratio of 0.05 is lower than that 
derived from 0.25, while a higher intensity of Ti−O−C band (Figure 3.14) is 
demonstrated by the former. In contrast to these differences, both nanohybrids show 
more or less the same intensity for Ti−O−Si band. As proposed by Brinker and Hurd 
[34] and Langlet et al. [35], the largely amorphous TiO2 thin films obtained at low 
temperatures is due to the formation of stiff Ti−OH networks resulted from the fast 
Figure 3.15.  FTIR spectra of the nanohybrid T60 derived from 
MSMA/(MSMA+MMA) ratio of (a) 0.25 and (b) 0.05, respectively, in the high 
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condensation of titanium alkoxide precursor, which in turn hinder the densification of 
crystallite TiO2 phase. In this connection, therefore, the low intensity of Ti−OH 
observed for the nanohybrid derived from the lower coupling agent ratio suggests a 
reduced amount of amorphous phase. On the other hand, the high intensity of Ti−O−C 
stretching mode from the unhydrolized alkoxy groups in this sample is related to the 
high number of interfacial sites for TiO2 nucleation. The interfacial bond is not as stiff 
as Ti−OH network and is therefore sufficiently flexible to take part in the 
densification of TiO2 phase, i.e., by the arrangement of Ti−O−Ti bonds in the long-
range order and thus an enhancement in TiO2 nanocrystallinity was resulted, as 
detected by XRD. Zhang et al. [33] has reported that Ti−O−C bond, together with 
Ti−O and Ti−OH, can lead to connected networks of TiO2 nanoparticles in titania-
poly(phenylenevinylene) or TiO2−PPV nanocomposites. The interfacial phase plays 
an important role in providing the necessary dispersion function and thus preventing 
the agglomeration of TiO2 nanoparticles in polyvinyl alcohol (PVA) matrix [9]. 
The effects of different coupling agent concentrations on nanohybrids were further 
investigated by TGA. Figure 3.16 shows that both samples have similar response 
upon heating up to 850 oC. It is clearly demonstrated that the nanohybrid derived from 
the lower coupling agent ratio decomposes at a lower temperature than that derived 
from the higher coupling agent ratio. This can be accounted for by the high number of 
interfacial Ti−O−C bonds of unhydrolized alkoxy groups in the former, as has been 
confirmed by FTIR spectroscopy. On the other hand, the similarity in TGA behavior 
up to 300 oC shown by both samples can be related to the similar intensity of Ti−O−Si 
band at 910 cm-1 shown in Figure 3.15. With further heating beyond 300 oC, however, 
the difference in mass change becomes more remarkable when both samples 
underwent the second stage of mass loss. This suggests that once the unhydrolized 
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alkoxy groups had been decomposed, there occurred a higher number of organic 
segments, dissociated from the inorganic networks in the former. This is further 
supported by the reduced amount of char yields at 850 oC produced by this sample, 
suggesting a lower number of remaining organic moieties that could be trapped in the 
inorganic network. Based on this observation, it is confirmed that a lower 
concentration of coupling agent can lessen the binding strength between the inorganic 
and organic moieties upon heating, particularly at temperatures beyond the 











3.3.5.3.   pH value 
As described in the previous section, Brinker and Hurd [34] and Langlet et al. [35] 

















Figure 3.16.  TGA curves of the nanohybrid T60 derived from 
MSMA/(MSMA+MMA) ratio of (a) 0.25 and (b) 0.05, respectively. 
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Ti−OH arising from fast condensation. In line with this understanding, Yoldas [36] 
also suggested that if the rate of condensation process is faster than hydrolysis, the 
alkyl groups are incorporated into the structure and sterically hinder the formation of 
ordered structure. Therefore, in order to enable the precursor to crystallize into an 
equilibrium structure, the condensation should proceed slowly after the completion of 
hydrolysis. Lowering the pH value of the titania solution has been considered 
effective in enhancing the rate of hydrolysis and to inhibit the condensation [37]. This 
is made possible since the −OR groups in alkoxide are protonated by H+ ions, making 
their charges more positive. Being positively charged, the metal ions repel the −OR 
groups and prefer to be attached to the −OH groups. Consequently, this promotes the 
hydrolysis process and at the same time decreases the rate of condensation 
significantly since the protonated species reduce their interaction by repelling each 
other. Yoldas [38] and Kallala et al. [39] have shown a difference in the inhibition 
ratios can lead to sols, transparent gels, turbid gels or precipitates. Accordingly, Gopal 
et al. [40] and Amal et al. [41] have reported the formation of anatase and rutile TiO2 
synthesized directly from an acid-catalyzed solution at temperatures close to room 
temperature. For the nanohybrids investigated in this study, however, a question 
remains as to whether a slow condensation rate of the protonated titanium hydroxide 
can lead to the densification of TiO2 during the subsequent annealing process, while at 
the same time polymerization of the MMA monomers takes place effectively. As 
described in Section 3.3.5.1, the latter has been known to be responsible for the fast 
trapping effect causing a largely amorphous TiO2 phase in the polymer matrix. 
Therefore, it will be of further interest to investigate the effect of pH value on the 
nanocrystallinity of TiO2 phase in nanohybrids. For the investigation, TiO2−PMMA 
nanohybrids were derived from TiO2 sol solutions of pH value varying in the range of 
Chapter 3: TiO2−PMMA Nanohybrids by In Situ Sol−Gel Polymerization  
 
130 
3.08 to 0.33. This was done by adjusting the amount of hydrochloric acid (HCl) 
added, the function of which is to control the hydrolysis and condensation rates of 
titanium alkoxide [39,42]. The water to titanium alkoxide ratio (rw) in each solution 
was kept at 0.82. Prior to mixing with the organic constituent, the sols were stirred at 
room temperature for 72 hours, aimed at providing sufficient time for the protonation 
of titanium alkoxide to take place, in accordance with the amount of hydrochloric acid 
added into the sol precursors. The XRD traces of the thus derived nanohybrids are 
given in Figure 3.17. It is shown that the nanohybrid derived from the inorganic sol 
solution of pH 3.08 (trace “(a)”) is highly amorphous as indicated by the occurrence 
of two broadened humps in the 2θ ranges of 20−35o and 40−55o. By contrast, 
diffraction peaks at 2θ of ~25 and 48o corresponding to (101) and (200) crystal planes 
of anatase titania were observed for the nanohybrids derived from the inorganic sol 









Figure 3.17.  XRD traces of the nanohybrid T60 derived from inorganic sol 
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The results observed above can be interpreted by considering the role of H+ ion in 
providing repulsion forces among the protonated inorganic species. It is known that a 
highly acidic protonation leads to a stronger repulsion force and thus formation of 
extended structure from the hydrolyzed alkoxide [43]. By using small-angle X-ray 
scattering (SAXS), Wu et al. [44,45] investigated the structure of inorganic species in 
trialkoxysilane-capped acrylic-titania hybrids derived from titania sols under three 
typical pH values of 4.4, 7.0 and 8.8, representing acid, neutral, and basic conditions, 
respectively. They observed that under the basic condition the inorganic domains can 
reach a radius of gyration (Rg) and fractal dimension (D) of 7.3 nm and 1.35. 
However, under the acid condition, the values were only 2.4 nm and 0.18, 
respectively. The smaller sizes in the latter were associated with the restriction of 
inorganic chain-like structure into open regions of the mesh produced by the 
crosslinked polymers [44,45]. This was more or less similar to the situation of the 
amorphous nanohybrid derived from titania sol with a pH value of 3.08 investigated 
in the present work (trace “(a)” in Figure 3.17). On the other hand, however, the 
notable diffraction peaks in the XRD traces “(b)” and “(c)” for the nanohybrids 
derived from titania sols with a much lower pH value (1.08 and 0.33) suggest a rather 
different mechanism in comparison to what has been proposed by Wu et al. [44, 45] 
for acid catalyst condition. In the system investigated in this project, the linear chain-
like structures of hydrolyzed inorganic precursors were able to perform further self-
densification in the solution stage. It proceeded up to the stage when the nanohybrid 
sample was annealed, whereby a rigid organic PMMA network was formed. The 
nanocrystallinity of the sample derived from the sol solution with a much lower pH 
value, i.e., 0.33 (trace “(c)”) is slightly higher than that of 1.08 (trace “(b)”). It 
suggests that the stronger repulsion force created among the protonated species at 
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lower pH values can induce a better densification for titania phase in the 
TiO2−PMMA nanohybrid system. 
 
3.3.5.4.  Water to alkoxide ratio  
The water to alkoxide (Rw) or often called as hydrolysis ratio determines the potential 
functionality of inorganic monomers in building the network [46]. In the previous 
investigation, a Rw of 0.82 was consistently used for the titania sol which is stable and 
did not turn into a gel, prior to mixing with polymer matrix. However, this ratio is less 
than the required stoichiometric value, i.e., 4. As a result, the alkoxide precursor 
experienced an incomplete hydrolysis process. It is therefore of interest to find out 
whether the amount of water during sol preparation can favor a more completed 
hydrolysis and thus provide a higher nanocrystallinity for the titania phase in 
nanohybrid. For investigation, three different sols with Rw of 0.82, 2.00 and 3.50 
under the same pH value of 0.78 were prepared. All the titania sol solutions were 
transparent and stable. An attempt to increase Rw to 4.00 led to the formation of 
immediate gel which could not be incorporated homogenously into pre-polymerized 
PMMA. Therefore, the first three compositions were used for further investigation. 
The XRD traces of the resulting nanohybrids are given in Figure 3.18. It is shown that 
when Rw is 0.82, the resulting nanohybrid (trace “(a)”) demonstrates two broadened 
diffraction peaks at 2θ of ~25.35o and 48.12o corresponding to (101) and (200) crystal 
planes of anatase titania phase. An increase in Rw to 2.00 did not lead to a significant 
enhancement in nanocrystallinity for the respective nanohybrid (trace “(b)”). 
However, there was an onset of additional two peaks at 2θ of 38.63o and 55.08o 
corresponding to (112) and (211) crystal planes. Further increase of Rw to 3.50 gave 
rise to an un-expected occurrence of amorphous titania phase. 













The above observation can be analyzed by considering that an increase in Rw gives 
rise to a stronger nucleophilic reaction between water and alkoxide species, and thus 
more −OR groups bonded to metal were substituted by −OH network structure. A 
larger and more compact structure of inorganic domains, as a result of the formation 
of a three-dimensional network structure, is therefore expected with the completion of 
−OH network [44,45]. Based on the XRD results, however, such increase in the 
inorganic domain size to form bigger nanocrystallites was not clearly indicated when 
Rw was increased from 0.82 to 2.00, as shown by diffraction peaks intensity at 2θ of 
~25.35o and 48.12o. Yu et al. [47] has proposed a transition model of the inorganic 
domains in TiO2−SiO2 nanohybrid whereby chain-like structures transformed into 
particle-like clusters when Rw was varied from a value below the stoichiometric ratio 
(<4) to that of above the critical value (>4). The appearance of two additional peaks at 
2θ of 38.63o and 55.08o suggested that the high number of −OH groups generated at 
Figure 3.18.  XRD traces of the nanohybrid T60 derived from inorganic sol 
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Rw of 2.00 had provided more TiO2 nuclei which furthermore grew as nanocrystals of 
different directions in addition to what has been formed at Rw of 0.82. It is of interest 
to compare the current result with a previous work performed by Wu et al. [48] who 
employed SAXS technique to investigate the effect of water content on the structures 
of thermoplastic acrylic resin−titania hybrids. They observed that hybrids derived 
from Rw of 1 and 2 demonstrated shallow linear regions in the Guinier and Porod 
plots, indicating little phase separation. Besides, the difference in scattering intensity 
between hybrids derived from Rw of 1 and 2 was small. This is very similar to the 
nanohybrids with Rw of 0.82 and 2 in the present study, as revealed by XRD results in 
Figure 3.18. However, at high Rw, a discrepancy occurs between the current result and 
what has been observed by Wu et al. [48]. In their case, further increase of Rw up to 4 
led to a denser inorganic phase with a larger size. In contrast, the nanohybrid derived 
from the hydrolysis ratio, Rw of 3.50, is highly amorphous when compared with those 
of derived from 0.82 and 2.00. Again, this is associated with the trapping of the 
hydrolyzed alkoxide groups by rigid PMMA network during and after annealing at 
150 oC. It is highly possible that although a great number of –OH groups were 
generated through the relatively complete hydrolysis, however due to the strong 
constraint effect by organic polymer matrix, they failed to proceed to the subsequent 
densification and hence nanocrystalline TiO2 phase was not achieved. In connection 
with the discrepancy observed between the two studies, it should be noted that Wu et 
al. [44,45,48] relied on the SAXS scattering patterns in order to determine the sizes of 
inorganic phase in the hybrid composition. Indeed, several variations in their 
synthesis process such as pH value, water content and solvent mixture which led to 
different levels of hydrolysis and condensation for titania precursor could result in 
different levels of phase separation and thus scattering patterns accordingly. It was not 
Chapter 3: TiO2−PMMA Nanohybrids by In Situ Sol−Gel Polymerization  
 
135 
confirmed whether the inorganic network formed in the hybrids were amorphous 
Ti−OH, nanocrystalline TiO2 or a mixture of both. Therefore, the observed scattering 
pattern can be considered as a response from cumulative quantity of inorganic phases, 
regardless of their amorphous or crystalline nature. As a result, the SAXS studies of 
Wu et al. [44,45,48] were not affected by the trapping mechanism of titania phase by 





An in situ sol−gel and polymerization technique has been successfully employed to 
synthesize transparent nanohybrid thin films consisting of nanocrystalline TiO2 
particles in PMMA, using titanium isoproproxide, methyl methacrylate and 3-
(trimethoxysily) propyl methacrylate as the starting materials. FTIR and XRD studies 
showed that while the nanohybrids with 20−60 wt % titania precursor loading were 
largely amorphous, nanohybrid with 80 wt % is a mixture of amorphous and semi-
crystalline TiO2 phases in the PMMA matrix. UV−Vis spectroscopy conducted on the 
transparent nanohybrid thin films revealed unique linear optical responses whereby 
the onset of absorbance increased from 350 to 380 nm with rising inorganic precursor 
loading up to 60 wt %, and thereafter there follows a decrease at 80 wt %. Further 
studies by using pump-probe and Z-scan techniques also demonstrated the potential of 
TiO2−PMMA nanohybrid as a new type of nonlinear optical materials. They 
demonstrated a very fast recovery time of ~1.5 picoseconds and large optical 
nonlinearities, χ(3) up to 1.93 x 10-9 esu. Similar to the linear optical response, the 
two-photon absorption coefficient (β) increases with the loading of titania precursor 
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in PMMA, from 160 cm/GW for 20 wt % up to 1400 cm/GW for 60 wt %, followed 
by a fall to 550 cm/GW at 80 wt %. The observed nonlinear optical behavior can be 
accounted for by the nature of nanocrystalline TiO2, which exhibits a much higher 
refractive index than that of the surrounding polymeric matrix. The observed 
dependence of both linear and nonlinear behaviors on the loading of inorganic 
precursor is supported by the HRTEM studies. While a rather uniform dispersion of 
TiO2 nanoparticles of ~5.5−7.5 nm in polymer matrix was achieved in the nanohybrid 
with inorganic precursor up to 60 wt %, particle aggregation occurred in the sample 
with 80 wt %, where the nanocrystalline TiO2 particles occur as aggregates of 
~100−200 nm in size. The latter caused a decrease in quantum confinement effect 
responsible for the observed nonlinear optical responses. A monotonic increase in 
nonlinear optical responses by nanohybrids with 20 to 60 wt % of inorganic loading is 
related to the increased concentration of discrete TiO2 nanoparticles.  
In an attempt to understand the mechanism responsible for the largely amorphous 
nature of the TiO2 phase in the nanohybrids, several processing parameters involved 
in sol−gel and in situ polymerization were investigated, including annealing 
temperature, coupling agent ratio, pH value and water to alkoxide ratio. Variation of 
these processing parameters did not effectively lead to a significant enhancement in 
the nanocrystallinity of TiO2 phase in the nanohybrids. They were not adequately 
effective to compete with the formation of stiff Ti−OH structures, which were trapped 
by the rigid network of polymerized matrix. Therefore, a largely amorphous structure 
for TiO2 is resulted.  
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TiO2−PMMA Nanohybrids by 
Diblock Copolymer Templating  
 




As detailed in Chapter 3, in situ sol−gel polymerization was successfully employed to 
synthesize nanohybrids consisting of TiO2 nanoparticles dispersed in PMMA matrix. 
The thin film nanohybrids have been investigated for both linear and nonlinear optical 
properties, which are promising for new optoelectronic applications. However, the 
TiO2 phase in the polymer matrix was still largely amorphous. Several synthesizing 
parameters such as the annealing temperature, coupling agent ratio, pH value and 
water to alkoxide ratio have been investigated for their effects on the nanocrystallinity 
of TiO2 in nanohybrids. However, they could not lead to a significant enhancement. 
As has been discussed in Section 3.3.5, this was related to the dominant role of 
PMMA matrix in entrapping the hydrolyzed precursors so that a successful 
densification of hydroxide to form crystalline TiO2 could not be realized.  
Based on this understanding, it would be helpful for the crystallization of TiO2 phase, 
if the hydrolysis and condensation processes of titanium alkoxide in the polymer 
matrix are made to take place in controlled manner. By doing so, the resulting 
titanium hydroxide network will be locally confined and the subsequent densification 
to form TiO2 would occur in these locations. For this purpose, the polymer matrix has 
to selectively uptake the inorganic precursor. This comes to the idea of making use of 
copolymer templating, for example, by using poly(methylmethacrylate)-b-
polyethylene oxide (PMMA−PEO) diblock copolymer. The choice of such particular 
diblock copolymer is based on the consideration that PEO is highly hydrophilic so 
that it will take up aqueous phase of TiO2-forming precursor. PMMA as the 
hydrophobic phase will remain as the matrix so that the resulting nanohybrid in this 
chapter will be very similar to those discussed in other chapters.  
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Indeed, highly ordered arrays of functional nanostructures derived from block 
copolymer templating have been studied for a number of technologically demanding 
applications. Several novel synthesis routes leading to the highly ordered arrays of 
TiO2 nanoparticles by diblock copolymer templating have been reported, including 
polystyrene-b-poly(methylmethacrylate) (PS−PMMA) [1], polystyrene-b-
polyethylene oxide (PS−PEO) [2−5], and more recently polystyrene-b-poly(2-
vinylpyridine) (PS−P2VP) [6]. When dissolved in a selected solvent at above their 
critical micelle concentrations, these diblock copolymers can easily form well 
arranged inverse micelles, which function as nanoscopic reaction sites for formation 
of TiO2 nanoparticles through hydrolysis/condensation, mineralization or vapor 
deposition of the precursors.  
However, the successful use of PMMA−PEO block copolymer for templating titania 
nanoparticles has yet been reported. This is due to the difficulty in finding a selective 
solvent for this block copolymer that can favor the formation of micelle/inverse 
micelle. As reported by Edelmann et al. [7], the solubility parameters of both PMMA 
and PEO in most of the commercially available solvents, such as tetrahydrofuran 
(THF), acetone, and toluene are similar i.e., δPMMA = 18.6 J1/2/cm3/2 and δPEO = 20.2 
J1/2/cm3/2, making the Flory−Huggins segmental interaction parameters (χAB) for both 
polymer blocks nearly equal to each other and thus against micelle formation. This is 
a consequence of the strongly swollen PMMA chains of high mobility in those 
solvents.  
In this chapter, a templating route by making use of PMMA−PEO diblock copolymer 
for preparing nanohybrid thin films with well organized patterns of TiO2 
nanoparticles is described. The synthesis process involves the dissolution of 
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PMMA−PEO copolymer in a mixture solvent of THF and water, followed by 
incorporation of titanium alkoxide as the inorganic precursor into the hydrophilic 
sites. Although a similar process of incorporating titanium oxide by sol−gel chemistry 
coupled with PS−PMMA or PS−PEO diblock copolymer templating has been 
attempted by several researchers [1−3,5], the present work emphasizes more 
specifically on compromising the two contradicting aspects encountered in the 
templating with PMMA−PEO diblock copolymer, i.e., a large amount of water in the 
solvent mixture, which is essential for micellization of PMMA−PEO blocks [7], and 
the highly water-sensitive nature of titanium alkoxides.  
 
4.2. OBJECTIVES OF INVESTIGATION 
This chapter is aimed at investigating the feasibility of enabling PMMA−PEO diblock 
copolymer to be used as a template for preparing nanohybrid thin films containing 
highly ordered arrays of TiO2 nanoparticles. Several aspects including the variation in 
the amount of water of the mixture solvent and pH value of the solution will be 
investigated by considering the two contradicting aspects, i.e., a huge amount of water 
needed for micellization of PMMA−PEO blocks and the tendency of titanium 
alkoxide precursor to undergo a premature macro-precipitation under such highly 
water containing environment. The second emphasis of this chapter will be placed on 
the effects of several other synthesis parameters, including the annealing rate, 
temperature, holding time on the resulting TiO2−PMMA nanohybrid structures. The 
investigation is further aimed at verifying whether the diblock copolymer templating 
technique can rise up the crystallinity of TiO2 phase in nanohybrids.   
Chapter 4: TiO2−PMMA Nanohybrids by Diblock Copolymer Templating  
  
144 
The objectives of investigation in this chapter can therefore be summarized as 
follows: 
(a) To explore the feasibility of using PMMA−PEO diblock copolymer as a 
template for TiO2 nanoparticle arrays. For this, an investigation will be made 
into the water content that can favor the formation of stable micelles. In 
connection with this, pH value of the solution will also play an important role in 
compromising a huge amount of water in the mixture solvent, which is essential 
for micellization of PMMA−PEO blocks and the highly water-sensitive nature of 
titanium alkoxide. pH value of the solution will be varied in order to understand 
its effect on the resulting nanostructures;  
(b) To understand the effects of several processing parameters, such as the annealing 
temperature and time, heating rate on the copolymer templated nanohybrids; 
(c) To investigate whether nanocrystallinity of the TiO2 phase can be enhanced by 
the condensation process templated in the PMMA−PEO micelles, which 
function as the nanoreactors;  
(d) To understand how the nanocrystallinity of TiO2 phase formed in the copolymer 
matrix will affect the optical properties of nanohybrids.  
 
 
4.3. RESULTS AND DISCUSSION 
4.3.1. Nanohybrid thin films by copolymer templating 
PMMA−PEO diblock copolymer (12.5 mg) was first dissolved in 2.5 ml of 
tetrahydrofuran (THF) and stirred for 1 hour. The solution appeared turbid, indicating 
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that only the hydrophobic PMMA blocks had already been dissolved, while the 
hydrophilic PEO blocks still remained as a solid phase. Following Edelmann’s work 
[7], the solvent was modified by adding varying amounts of deionized water from 10 
to 60 vol % into the solution. Upon the addition of deionized water, the solution 
turned clear, which was further stirred overnight. To compensate for the presence of 
high water content, the solution was purposely adjusted to be very acidic, i.e., pH 
~1.20 by adding several drops of hydrochloric acid (HCl). After the solution was 
stirred for 24 hours, 25 mg of titanium tetra-isopropoxide (TTIP) was added to the 
solution. Vigorous stirring for another 24 hours led to complete dissolution of the 
precursor, resulting in a yellowish transparent solution. Two types of samples were 
prepared for studies by using transmission electron microscopy (TEM): (i) by 
dropping a small amount of the solution onto a carbon-coated copper grid placed on 
tissue paper, leaving behind a thin film on the copper grid which was then annealed at 
the desired temperature, heating rate and holding time; and (ii) by scratching off the 
nanohybrid thin film spin-coated on a glass/quartz substrate by using a razor blade 
and then dispersing the debris  into ethanol to make a suspension. A small amount of 
the suspension was then dropped carefully onto a carbon-coated copper grid, followed 
by drying. 
 
4.3.2.   Effect of water content  
One of the primary concerns in the early stage of this investigation was the optimum 
water content that could enable PMMA−PEO diblock copolymer to be used as a 
template for the formation of highly ordered arrays of TiO2 nanoparticles. As 
mentioned above, the desirable water content should be sufficiently large for the 
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micellization of PMMA−PEO blocks, but on the other hand it should not exceed the 
limit beyond which the titanium alkoxide precursor would undergo a premature 
macro-precipitation. To prevent the latter, the solution was controlled at a 
considerably low pH level, i.e., pH ~1.20. Prior to investigation by using TEM, the 
film samples were annealed in air at 150 oC for 48 hours at a heating rate of 1 
oC/minute. Figures 4.1a−4.1f show TEM images for the nanohybrid thin films derived 
from dissolution of PMMA−PEO diblock copolymer with different water contents. It 
is seen that a water content of 10 vol % resulted in a thin film containing 
nanoparticles distributed rather randomly, without any regular pattern formed (Figure 
1a). Increasing the water content to 30 vol % leads to the formation of a slightly 
organized structure, although some areas are still patternless (Figure 4.1b). In 
contrast, when the water content was further increased to 50 vol %, the resulting thin 
film demonstrates a much more regular array structure (Figure 4.1c), where clusters of 
fine titania particles were observed to form outside the spherical polymer (PMMA) 
domains of about 20 nm in diameter. Such an ordered structure shows that micelles 
consisting of hydrophilic PEO corona and hydrophobic PMMA core can be formed by 
controlling the processing parameters involved, where the synergistic micellization 
among PMMA−PEO chains is due to the reduced swelling and thus reduced mobility 
of PMMA, together with an increase in PEO mobility [7]. In addition to the clusters 
of fine TiO2 particles, there also occur some relatively darker areas in Figure 4.1c, 
which indicate an inhomogeneity in the distribution of TiO2 precursor. Further 
increase in water content to 60 vol %, however, caused a premature precipitation of 
inorganic precursor, leading to the formation and severe aggregation of large titania 
crystallites, as shown in Figure 4.1d.  
 



































As mentioned earlier, two types of TEM samples were prepared, namely, by dropping 
a small amount of the precursor solution onto a carbon-coated copper grid, and by 
scratching off the nanohybrid thin film spin-coated on the glass/quartz substrate, 
respectively. To confirm the consistency in nanostructure between the two types of 
TEM samples prepared under the same annealing conditions, a comparison is 
necessary. For this purpose, the nanohybrid precursor prepared from dissolution of 
PMMA−PEO diblock copolymer in THF with water content of 50 vol % was selected. 
(a) (b) 
(c) (d) 
Figure 4.1.  TEM micrographs of the thin films containing titania nanoparticles 
derived from dissolution of PMMA-PEO diblock copolymer in THF with water 
content of (a) 10, (b) 30, (c) 50, and (d) 60 vol %, respectively.  
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Figure 4.2a is a high-magnification TEM micrograph for the sample directly 
deposited on carbon-coated copper grid, while Figure 4.2b is for the thin film spin-
coated on the glass substrate (3000 rpm for 20 seconds). It can be clearly seen that the 















When the hydrolyzing agents, i.e., water and hydrochloric acid, are attracted by the 
hydrophilic PEO domains, hydrolysis of titanium alkoxides in these hydrophilic sites 
resulted in the formation of fine TiO2 particles, as shown by the TEM micrographs in 
Figures 4.1c, 4.2a, and 4.2b. However, X-ray diffraction for phase identification 
performed on the thin films coated on glass substrates did not show any noticeable 
peaks for titania in the 2θ  range of 20−70o. The phenomenon could be accounted for 
by two considerations. First, there existed only a small amount of the nanoparticles in 
the very thin film sample. It was noted that the average thickness of the films spin-
coated on the glass/quartz substrates, as determined by surface profiler, was less than 
50 nm. Second, at the low annealing temperature of 150 oC, the hydrolyzed TiO2 
Figure 4.2.  High-magnification TEM micrographs of thin films containing titania 
nanoparticles derived from dissolution of PMMA-PEO diblock copolymer in THF 
with water content of 50 vol % (a) directly deposited on carbon-coated copper grid 
and (b) spin-coated on the glass substrate.  
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precursor was largely attached to PEO, since a temperature of higher than 250 oC is 
required to completely remove the organic template from the nanohybrid. As a 
consequence, the conversion from precursor to stoichiometric TiO2 phase was hardly 
achieved at the low annealing temperature, and therefore these fine nanoparticles are 
largely amorphous. Given the fact that the nanocrystallinity of these fine TiO2 
crystallites in the nanohybrids is of short-range order, Raman spectroscopy, which 
works on the principle of inelastic scattering of photons, was employed to verify the 
nature of the inorganic phase. However, upon initial investigation with the thin film 
sample, the detected signal was very weak and meaningless. It was then realized that 
the nanohybrid thin film sample in this work was “too” transparent such that the laser 
light could largely pass through it, hence no significant Raman scattering was 
generated. To overcome this limitation, nanohybrid films were scratched off from the 
substrates by using a razor blade. Accumulation of enough sample enabled one to 
obtain a meaningful Raman spectrum, which is given in Figure 4.3, where a 
considerably intense peak at 152 cm-1 is shown for the nanohybrid thin film, followed 
by four weak peaks at 203, 396, 508 and 628 cm-1, respectively. The first two and the 
fifth peaks are in agreement with the Eg, active mode of anatase phase (144, 197, and 
639 cm-1), while the third and fourth peaks can be assigned to the B1g and A1g or B1g 
modes (399 and 513 or 519 cm-1), respectively [8]. On the one hand, the well-resolved 
peak of the Eg mode at 152 cm-1 arises from the external vibration of anatase structure 
[9], confirming that fine anatase crystallites have indeed been formed in the 
nanohybrid structure. On the other hand, the intrinsically weak peak at 203 cm-1 and 
the broad bands at 396, 508, and 628 cm-1 agree with what has been shown by the 
XRD phase analysis, i.e., the crystallinity of the fine anatase particles is of short 
range. There is also a shift in wavenumber of the Eg mode to 152 cm-1, with a 
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broadened full-width at half-maximum (FWHM) of 24 cm-1 (inset of Figure 4.3), in 
comparison to 144 cm-1 and 7 cm-1 in line width for single crystal anatase [9, 10]. A 
similar observation has been reported by Xu et al. [11] for the anatase titania 
nanoparticles coated with dodecylbenzenesulfonic acid (DBS/TiO2) and stearic acid 
(St/TiO2). The Raman shift is attributed to two phenomena in association with the 
nanoparticles: phonon confinement effect due to the decrease in particle dimension 
down to the nanometer scale and the strain applied by the surface coating. Firstly, 
when phonons are effectively confined in space, their plane wave characters are lost 
and all the phonons over the Brillouin zone will contribute to the first-order Raman 
spectra. The weight of the off-center phonons increases as the crystallite size 
decreases, and the phonon dispersion results in an asymmetrical broadening and a 
shift of Raman peaks [9]. Secondly, a coating agent can provoke a compressive stress 
on the first several atom layers of TiO2 nanoparticles and make the surface atoms 
pack closely, which in turn result in an increase in vibrational wavenumber [11]. In 
addition to these two considerations, a large contribution to the vibration spectra 
could also be due to the non-stoichiometry nature of the inorganic oxide 
nanoparticles, which is often the case for the sol−gel derived nanocrystalline systems. 
Parker and Siegel [12] have reported the role of O vacancies in generating a 
significant broadening and high frequency shift in the main anatase band. By taking 
into account of the fact that the titania nanoparticle arrays formed in the polymer 
matrix in this work are very small in size (less than 10 nm) and largely amorphous in 
nature, which are also surrounded by abundant PMMA matrix, the observed Raman 
shift and peak broadening are thus expected. In the high spectral region (not shown 
here), the Raman spectrum shows peaks at ~1459 and ~2951 cm-1, which can be 
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assigned to CH3 antisymmetric stretching, CH stretching or CH2 antisymmetric 















The chemical nature of the nanohybrid thin films was furthermore confirmed by X-
ray photoelectron spectroscopy (XPS). The survey scan in Figure 4.4 clearly shows 
the presence of C, Ti, and O on the film surface. O and Ti (Auger) also appear at 
higher binding energy levels in the spectrum, but they will not be taken into account 
in the following discussion.  
 
Figure 4.3.  Raman spectroscopic spectrum of the nanohybrid thin film 
containing titania nanoparticle arrays in PMMA matrix, derived from the solution 








































Fitting results:  f  = 152.36 cm-1; 
FWHM = 24.12 cm-1; and R2 = 0.999916
 












Figure 4.5 is the high-resolution C 1s spectrum, which apparently shows that it spans 
over a broad energy range from 293 to 281 eV, showing overlapping peaks due to the 
complex mixture of organic and inorganic carbon compounds involved. Curve fitting 
was therefore performed to deconvolute this spectrum and three individual peaks were 
obtained. The first peak at ~284.80 eV is assigned to the adventitious carbon 
contamination which is unavoidably adsorbed from the atmosphere [14]. It is related 
to the fact that the samples were exposed to air before XPS experiments. Besides, the 
occurrence of elemental carbon can also be contributed to the existence of C−C and 
C−H bonds originating from the polymer matrix. Both of them are located at a very 
close binding energy of ~285 eV [15−18]. Therefore, the overall peak does not appear 
as a sharp one; instead, it is rather broadened. Furthermore, the second and third peaks 
at 286.36 and 288.96 eV can be assigned to C−O and C=O bonds of the polymer 






















Figure 4.4.  Survey scans of XPS spectroscopy for the nanohybrid TiO2−PMMA 
thin film, derived from the solution with water content of 50 vol % and pH 1.20. 
Chapter 4: TiO2−PMMA Nanohybrids by Diblock Copolymer Templating  
  
153 
can also be contributed to the organic residues, such as alcohol and unhydrolyzed 










Figure 4.6 reveals the characteristic doublet Ti 2p3/2 and Ti 2p1/2 at ~458.29 and 
464.01 eV, respectively. The area ratio of the two peaks, A(Ti 2p1/2)/A(Ti 2p3/2), is 
equal to 0.46 and the binding energy  (BE) difference, ∆Eb = Eb(Ti 2p1/2) − Eb(Ti 
2p3/2), is 5.72 eV. All of these values are in a good agreement with the requirement for 
the valence state of Ti4+ in TiO2 as reported in the literatures [19,20]. It should be 
noted, however, there was a possibility that a certain amount of Ti2O3 species may be 
formed on the titania nanoparticle surfaces. This is so, by considering the fact that 
titania nanoparticles in the nanohybrids thin film are surrounded by the organic 
polymer matrix containing a huge number of residual elemental carbon and carbon 

























Figure 4.5.  High resolution C 1s spectrum of XPS spectroscopy for the 
nanohybrid TiO2−PMMA thin film, derived from the solution with water content 
of 50 vol % and pH 1.20. 
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enable the reduction of Ti4+ to Ti3+ [21,22]. Accordingly, a further fitting was 
performed by including two additional Ti 2p peaks for Ti2O3 species. However, the 
fitting result could not fulfill the difference in binding energy for Ti 2p3/2 and Ti 2p1/2 
components of 5.70 eV as well as the ratio of 0.5 intensity ratio for the integrated area 
under both peaks. Garett and co-worker [23] compared the Ti 2p spectrum of TiO2-
(110) single crystal with that of TiO2 nanoparticle arrays synthesized via a nanosphere 
lithographic route. The evidence for Ti2O3 species in their case could be revealed only 
by a very slightly lower binding energy shoulder on the Ti 2p3/2 emission peak. They 
also found that quantization of the concentration of Ti3+ on the nanoparticles surface 
was intricate, due to the close proximity of the TiO2 and Ti2O3 binding energies. It is 
well-known that the Ti3+ species are associated with corner, edge or terrace defects on 
the surface sites. In order to be able to probe these surface Ti3+defects, XPS spectra 
should be collected with photoelectrons of surface sensitive takeoff angles. In this 
connection, Wang et al. [24] have performed an XPS study on TiO2 (110) single 
crystal at takeoff angles of 15, 45 and 75o normal to the crystal surfaces. According to 
a previous work by Wandelt, [25] the XPS probing depths at 13 and 43o electron 
emission angles are ~4 and ~13 Å, respectively. Therefore, the spectrum collected at 
15o can provide information on the uppermost layer of the single-crystal surface while 
that obtained at 75o represents the electronic bonding in the interior. Although 
significant differences could be observed among the O 1s spectra at the three takeoff 
angles, however the Ti 2p spectra hardly change with the variation in emission angle. 
Shulz et al. [26] and Wang et al. [27] have reported the lack of change in the Ti 2p 
band as a result of the healing effect of the light-induced surface Ti3+ defects by 
adsorption species, such as oxygen and water. As a consequence, XPS is unable to 
distinguish among a defect-free surface, an oxygen-healed defective surface, and 
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hydroxyl-healed defective surface in the Ti 2p region. With regard to these previous 
investigations, the XPS spectra in the present work were obtained at the 75o takeoff 
angle, where a substantial fraction of Ti2O3 species on the nanoparticle surfaces 
cannot be probed. Therefore, the Ti 2p spectra thus obtained only represented the 











4.3.3.   Effect of pH value  
The TEM results shown in Figures 4.1c, 4.2a, and 4.2b and the discussion above 
demonstrate that, in the solvent mixture each of 50 vol % water and THF, TiO2 
precursor species were taken up into the hydrophilic PEO sites, when pH level of the 
precursor solution was adjusted to 1.20. This led to the formation of nanosized titania 























Figure 4.6.  High resolution Ti 2p spectrum of XPS spectroscopy for the 
nanohybrid TiO2−PMMA thin film, derived from the solution with water content of 
50 vol % and pH 1.20. 
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earlier, there also existed a number of locations where the titania nanoparticles were 
distributed rather unevenly. The average size of these nanoparticles was estimated to 
be 9 + 1.5 nm. This suggests that, at the high water content of 50 vol %, which is in 
fact essential for micellization, the concentration of HCl in the solution was 
insufficient for a complete protonation of titanium alkoxide, resulting in so-called 
microaggregates to occur. The uneven aggregation was likely to occur when HCl was 
evaporated unavoidably and unevenly during the thermal annealing. This causes the 
PEO blocks to lose their ionic characters to some extent, enhancing the compatibility 
of the constituent blocks, which in turn reduce the thermodynamic stability of the 
micelles [2]. To prevent such structural transformation, therefore, it is necessary to 
maintain a substantial amount of ions in the hydrophilic sites. To realize this, the 
solution was made more acidic by adjusting the pH value to as low as 0.33, while the 
other synthesis parameters were kept unchanged. As shown in Figure 4.7a, the 
resulting nanostructure shows no particle aggregation. A more interesting observation 
is that the film provides a highly dense and almost regular pattern resembling a 
“polycrystalline” morphology consisting of grains with different crystal orientations. 
Further TEM studies at higher magnification (Figure 4.7b) reveal that each small area 
consists of hexagonal-like arrays of PMMA cores and titania phase. From Figure 4.7c, 
it is apparent that the titania corona decorating around these cores are very fine in 
size, estimated to be less than 2 nm, creating an interconnected network of inorganic 
phase rather than discrete nanoparticles. By taking into account of the fact that no 
lattice fringe could be observed in each individual nanoparticle, it can be concluded 
that the nanocrystallinity of the titania phase is of short range, which is similar to that 
of the film derived from the precursor solution of pH 1.20.  
 
 





































4.3.4.   Effect of annealing schedules 
As discussed in the previous two sections, both the water content and amount of 
hydrochloric acid in the solution can strongly affect the nanohybrid structure derived 




Figure 4.7.  TEM micrographs of the nanohybrid thin film containing titania 
nanoparticles derived from dissolution of PMMA−PEO diblock copolymer in 50 vol 
% THF and 50 vol % water at the pH value of 0.33: (a) low and (b-c) high 
magnifications.  
Chapter 4: TiO2−PMMA Nanohybrids by Diblock Copolymer Templating  
  
158 
the thermal annealing temperature, time, and heating rate are also investigated for 
their effects on the resulting assembly of nanoparticle arrays.  
 
4.3.4.1.   Annealing time 
For the nanohybrid thin films discussed above, the duration employed for thermal 
annealing was considerably long, i.e., 48 hours. To investigate the effects of annealing 
time, thin film samples were annealed at 150 oC at a heating rate of 1 oC/min for 
varying durations of 0.5, 1.0, 3.0 and 12 hours, respectively. TEM studies show that 
the film annealed for 0.5 hours (Figure 4.8a) exhibits an irregular stripe-like pattern 
for the PMMA nanodomains, where the fine TiO2 nanophase was not well-
established. Thermal annealing for 1.0 hour gave rise to partially ordered PMMA 
domains (Figure 4.8b), although the stripe-like feature was still visible in certain local 
areas. Upon extending the annealing duration to 3.0 hours, nanodomains in 
hexagonal-like configuration were observed (Figure 4.8c). At this stage, the of titania 
nanoparticles were apparently established, although nanoarrays of both organic and 
inorganic domains were yet fully formed. Finally, a well-defined uniformity was 
achieved for the PMMA domain arrays, which were surrounded by well-
interconnected TiO2 nanoparticles, when the thermal annealing was prolonged to 12 
hours (Figure 4.8d). The resulting nanostructures are obviously very similar to those 
of the thin films annealed for a much longer duration (48 hours) as shown in Figure 
4.7b. This suggests that thermal annealing for 12 hours is sufficient to complete the 
self-assembly process for well organized nanoarrays in the nanohybrid thin film.  
 




































The above results of TEM studies can be explained by considering the fact that the 
initial solution is rather homogeneous, since PMMA, PEO, and titanium alkoxide 
precursor are soluble in the mixed solvent of water and tetrahydrofuran. At this stage, 
micelles consisting of hydrophilic PEO corona and hydrophobic PMMA core have 
already formed, although there is little structural arrangement taking place. The 
formation of cylindrical hydrophobic PMMA domains and the organization of an 
(a) (b) 
(c) (d) 
Figure 4.8.  TEM micrographs of the nanohybrid thin films containing titania 
nanoparticles thermally annealed at 150 oC for (a) 0.5, (b) 1.0, (c) 3.0, and (d) 12 
hours, respectively, derived from the solution with water content of 50 vol % and 
pH 0.33. 
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inorganic titania network in the hydrophilic PEO sites are initiated once the solvent 
evaporates from thin film, creating a concentration gradient throughout the thickness 
[28]. With the huge water content, i.e., 50 vol % involved in the mixed solvent, the 
evaporation rate will be considerably slow. Therefore, upon thermal annealing for a 
short period of 0.5 hour, for example, the resulting nanostructures will retain the 
disordered features of PMMA−PEO micelles and titanium alkoxide precursor at the 
solution stage. Increasing the annealing time to 12 hours significantly improved the 
evaporation-induced self assembly (EISA) process, leading to a highly ordered 
arrangement of PMMA and titania nanoparticle domains. 
 
4.3.4.2.   Annealing temperature 
It is of further interest to investigate the feasibility of minimizing the annealing 
duration by raising the annealing temperature. Indeed, raising the annealing 
temperature will speed up the self-assembly process by taking into account of the 
enhanced mobility of the polymer chains. In this project, the thermal annealing 
temperature was varied between 60 and 200 oC, at a fixed duration of 6 hours. Figures 
4.9a−4.9e are the TEM micrographs for the thin films annealed for 6 hours at 60, 110, 
150, 180 and 200oC, respectively. At 60 oC (Figure 4.9a), the arrangement of both 
PMMA and titania domains was yet established. This was due to the insufficient 
driving force for self-assembly since the annealing temperature is still far below the 
glass-transition temperature (Tg) of PMMA, which is ~105 oC. An irregular network 
of TiO2 phase could be observed, since the inorganic precursor had yet been 
converted into the desired oxide phase at this stage. The inorganic precursor phase 
was very much inter-mixed with the organic template, prevailing randomness among 
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them. Increasing annealing temperature to 110 oC leads to the formation of TiO2 
networks surrounding the PMMA domains; although the arrays of both domains were 
not yet completely built (Figure 4.9b). As expected, rather ordered, hexagonal-like 
arrays of titania nanoparticles and PMMA cores were achieved, when the annealing 
temperature was raised to 150 oC (Figure 4.9c), whereby the difference between the 
annealing temperature and Tg of PMMA is 45 oC. In comparison to Figure 4.8c, it 
shows a more established nanoarray structure, which is indeed similar to the 
nanostructure shown in Figure 4.8d. This confirms that a sufficiently high annealing 
temperature is required in order to complete the self-assembly process leading to the 
establishment of ordered arrays in TiO2−PMMA nanohybrid thin film. As shown in 
Figure 4.9d, annealing at 180 oC for 6 hours led to highly organized and well-aligned 
hexagonal-like arrays of nanodomains. However, this highly organized nanostructure 
cannot be maintained when the thermal annealing was performed at 200 oC, where a 
severe deterioration in the nanoarrays took place (Figure 4.9e). This suggests that 180 
oC (T − Tg = 75 oC) is close to the optimized annealing temperature for the self-
























































Figure 4.9. TEM micrographs of the nanohybrid thin films containing titania 
nanoparticles thermally annealed for 6 hours at (a) 60, (b) 110, (c) 150, (d) 180, and 
(e) 200 oC, respectively, derived from the solution with water content of 50 vol % 
and pH 0.33. 
(b) 
(d) 
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4.3.4.3.   Annealing rate 
As shown in Figure 4.10a, in contrast to the hexagonal-like arrays of PMMA domains 
and TiO2 nanoparticles obtained at a heating rate of 1 oC/min, a rather different 
structure feature was resulted when the heating rate was raised to 5 oC/min. The 
nanohybrid thin film exhibits a nanostructure consisting of clusters of cubical-like 
arrays. At higher magnifications, the cubic-like arrays (Figure 4.10b) are shown to 
consist of titania nanoparticles of ~7 nm in average size, together with PMMA 
domains of ~10 nm in average size. The structural transition from hexagonal-like to 
cubic-like hierarchical arrays is due to a faster evaporation rate of water from the 
mixture of diblock copolymer-titania precursor, which in turn progressively results in 











The hierarchical formation of one-dimensional hexagonal, cubic, three-dimensional 
hexagonal and lamellar silica-surfactant mesophases as a result of variation in the 
(a) (b) 
Figure 4.10.  TEM micrographs of the nanohybrid thin film containing titania 
nanoparticles annealed at 150 oC for 6 hours at a heating rate of 5 oC/min derived 
from derived from the solution with water content of 50 vol % and pH 0.33: (a) low 
and (b) high magnifications, showing clusters of cubical-like arrays of titania 
nanoparticles and PMMA cores. 
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initial alcohol/water/surfactant mole ratio has been demonstrated by Brinker et al. 
[29] and Lu et al. [30]. 
 
4.3.5.   Effect of post-hydrothermal treatment 
Concerning the lack of nanocrystallinity for the TiO2 nanoparticles assembled in 
polymer matrix, Brinker and Hurd [31] and Langlet et al. [32] have suggested that the 
largely amorphous nature is related to the high functionality of titanium alkoxide 
precursor favoring the fast development of stiff Ti−O−Ti bonds via condensation. In 
this connection, further studies by Matsuda et al. [33] and Matsuda and co-workers 
[32] suggested that some structural changes in the TiO2 thin films derived from 
sol−gel process could be induced by a treatment in a high humidity environment at 
temperatures above 100 oC. Further investigations by Imai et al. [35] and Imai and 
Hirashima [36] confirmed that the exposure of sol−gel-derived TiO2 films to water 
vapor triggered rearrangement of the Ti−O−Ti networks leading to the formation of 
anatase phase at relatively low temperature (180 oC). On the basis of this 
understanding, the feasibility of enhancing the nanocrystallinity of TiO2 phase 
assembled by diblock copolymer templating by a post-hydrothermal process was 
investigated. For this, the thin films spin-coated on glass substrates were first 
annealed at 150 oC for 48 hours, and then exposed to a treatment by high-pressure 
water vapor in a Teflon-lined stainless steel autoclave (Parr, Moline, Illinois) at 150 
oC for 24 hours. A specially designed stand was placed inside the Teflon tube in order 
to prevent the samples from direct contact with liquid water. A high magnification 
TEM micrograph for the post-hydrothermally treated film is given in Figure 4.11a. 
The film clearly shows crystallites with well-established lattice fringe. The d-spacing 
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of the lattice fringe is measured to be 0.352 + 0.008 nm, which is in good agreement 









According to the model by Imai and co-workers [35, 36] the enhancement in TiO2 
crystallinity involves the cleavage of strained Ti−O−Ti bonds by water molecules, 
resulting in the formation of much more flexible Ti−OH, leading to the rearrangement 
and densification of ordered Ti−O−Ti bonds. As a consequence of the crystallite 
growth, the well-organized arrays of individual core-corona structures in the 
hexagonal-like or cubical-like configurations have undergone some rearrangement. 
However, when observed at low magnification (Figure 4.11b), it is obviously seen 
that the orderly arrangement by diblock copolymer templating can be maintained at a 
large scales, where the TiO2 nanocrystallites are dispersed quite uniformly in the 
polymer matrix. This suggests that under a well-controlled post-hydrothermal 
treatment condition, it would be possible to obtain nanohybrid thin film containing 
(b) 
Figure 4.11.  TEM micrographs of the nanohybrid thin film containing titania 
nanoparticle arrays derived from the solution with water content of 50 vol % and pH 
0.33 upon post-hydrothermal treatment showing (a) well-established lattice fringe in 
the crystallites and (b) well-dispersion of TiO2 nanocrystallines in the PMMA 
matrix. 
(a) 
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highly ordered arrays of TiO2 nanoparticles in the hexagonal-like or cubical-like 
configurations, while at the same time they are of enhanced crystallinity.  
Figures 4.12a and 4.12b show the high-resolution XPS spectra of the O 1s region for 
the conventionally annealed and post-hydrothermally treated nanohybrid samples, 





































Figure 4.12.  XPS high resolution O 1s spectra of (a) the conventionally annealed 
and (b) the post-hydrothermally treated nanohybrid thin films containing titania 
nanoparticle arrays in PMMA matrix, derived from the solution with water content 
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Both spectra demonstrate broad and asymmetric signals ranging from ~526 to 536 eV 
indicating the coexistence of different chemical environments on the titania 
nanoparticle surfaces. Each spectrum can be fitted into three peaks located at 
~529.5−530, 531.5 + 0.5, and 533 + 1.0 eV, attributed  to oxygen in the metal oxide 
component (i.e., O2- bound to Ti4+ in the TiO2 lattice), oxygen in the hydroxyl groups 
(−OH) or defective oxides, and physisorbed or chemisorbed molecular water, 
respectively [37]. The last two species are mainly associated with the TiO2 surfaces. 
In the conventionally annealed sample (Figure 4.12a), the estimated area percentage 
under the metal oxide peak was ~23.0%, which is considerably lower than that of the 
hydroxyl groups/defective oxides (~63.5%). This is in agreement with the fact that the 
TiO2 phase in this sample is still largely amorphous, as has been shown by the XRD 
and TEM studies. Due to the strained characteristics of Ti−O−Ti bonds contained in 
the hydroxyl groups as well as the non-stoichiometric nature of the defective oxides, a 
retardation toward formation of a well-crystallized TiO2 phase is therefore expected. 
On the other hand, when the hydrothermal treatment was applied to the thin film 
sample, the percentage of metal oxide peak increases significantly up to ~49.0%, 
accompanied by a decrease in the hydroxyl-defective oxides peak down to ~42.3% 
(Figure 4.12b). This confirms the effectiveness of high-pressure water vapor in 
converting the surface states of TiO2 nanoparticles to less-defective ones, promoting 
the overall crystallinity. Similar results on the role of water vapor in removing the 
surface defects have been reported for bulk TiO2 (110) surfaces by Wang et al. [27]. It 
is also observed that there occurs a reduction of chemisorbed water content from 
13.5% to 8.7%, which is believed to be a consequence of the involvement of water 
molecules in the cleavage of the strained Ti−O−Ti bonds and their rearrangements 
into crystalline TiO2 phase. 
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Further confirmation on the post-hydrothermal treatment in promoting the 
nanocrystallinity of nanohybrid film is given by FTIR results in Figure 4.13. The 
hydroxyl groups of Ti−OH in the spectra of the conventionally annealed and post-
hydrothermally treated samples are observed as a broad absorption band in the range 
of ~3400−3500 cm-1 [38], while the characteristic peak for TiO2 phase is indicated by 
a broad vibration band of Ti−O−Ti groups at ~900−400 cm-1 [39]. Apparently, the 
conventionally annealed thin film shows a more intensive Ti−OH band than that of 
the post-hydrothermally treated sample, while on the other hand the latter 
demonstrates a stronger intensity for Ti−O−Ti band than the former. This is consistent 
with the TEM and XPS studies, showing that the post-hydrothermally treated sample 







































Figure 4.13.  FTIR spectra of (a) the conventionally annealed and (b) the 
hydrothermally treated nanohybrid thin films, derived from the solution with water 
content of 50 vol % and pH 0.33. 
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From the surface profiler measurement, it was observed that there was a change in 
film thickness. It was initially 36 nm for the conventionally annealed sample, while 
the post-hydrothermal treatment reduced it to 24 nm. This indicates that part of the 
film surface was leached out by the water molecules at high vapor pressure. On the 
other hand, however, it was also observed that the stretching vibration bands of C=O 
and C−H in the PMMA segments at 1730 and 2950 cm-1 on both samples are almost 
the same in intensity. It suggests therefore that the internal integrity of the polymer 
chains in the PMMA matrix is essentially retained. A longer duration (48 hours) for 
the initial conventional annealing prior to hydrothermal treatment was able to stabilize 
the polymer chains in the nanohybrid thin film.  
 
4.3.6.   Optical properties  
In Chapter 3, the TiO2-PMMA nanohybrid thin films derived from conventional in 
situ sol−gel and polymerization technique were studied for optical properties. Their 
linear and nonlinear optical properties are greatly affected by amount of TiO2 
precursor loading, in addition to their size and size distribution. Nonlinear optical 
measurement by using Z-scan technique on the TiO2−PMMA nanohybrid thin films 
derived from diblock copolymer templating technique, however, did not provide any 
meaningful results. This is mainly due to the film thickness which is very thin (<50 
nm), resulting in a lack in the number of titania nanoparticles which can respond to 
the excitation by the laser source. In this section, UV-Vis and photoluminescence 
spectroscopies are conducted to investigate the effect of nanoparticle crystallinity on 
the optical properties of TiO2−PMMA nanohybrid thin films derived from diblock 
copolymer templating technique. 
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4.3.6.1.   UV−Vis spectra 
Figure 4.14a shows the UV−Vis absorption spectra of the conventionally annealed 
and post-hydrothermally treated nanohybrid thin films demonstrating that both are 
highly transparent in the visible region. However, it is clearly seen that absorbance of 


































































Figure 4.14.  (a) UV−Vis spectra of (i) the conventionally annealed and (ii) the 
hydrothermally treated nanohybrid thin films, derived from the solution with water 
content of 50 vol % and pH 0.33. (b) Corresponding band gap energy, Eg, for 
sample (i) and (ii) in (a), respectively, estimated by using the Tauc’s equation. 
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Further careful studies of both spectra also show that the conventionally annealed 
nanohybrid film exhibits an onset of the absorbance edge at about 360 nm in 
wavelength, while for the post-hydrothermally treated film, it is rather red-shifted to a 
higher wavelength of about 380 nm. By use of the Tauc’s equation [40], a plot of 
(αhν)1/2 versus hν is given in Figure 4.14b, and the extrapolation of linear parts of the 
curves to the energy axis provide an estimated band gap energy, Eg of 3.34 and 3.21 
eV for the conventionally annealed and post-hydrothermally treated nanohybrid 
samples, respectively. The latter demonstrated an Eg comparable to that of anatase 
TiO2 thin film, which is in the range of 3.20−3.23 eV [41]. This confirms the 
enhanced nanocrystallinity of TiO2 nanoparticles in this sample, as investigated 
previously by TEM, XPS, and FTIR studies. On the other hand, a blue shift of 
approximately 0.14 eV relative to the bulk Eg value of anatase titania is evident for the 
conventionally annealed nanohybrid film which was confirmed to be rather 
amorphous. By taking into account of the fine nanoparticles in this sample, one can 
conclude that such a blue shift is mainly due to the quantum size effect, as has been 
observed in many nanostructured semiconductor materials [42].  
 
 
4.3.6.2.   Photoluminescence spectra 
It is well-known that TiO2, as an indirect band gap semiconductor, does not show 
luminescence under normal conditions, although it has demonstrated some 
luminescent behavior, for instance, in a vacuum environment [43], at very low 
temperature [44], in the presence of dopant [44] or in ultra fine TiO2 colloidal solution 
form [45]. In this investigation, photoluminescence (PL) measurement was performed 
with a micro-PL setup using a He−Cd laser operated at 325 nm as the excitation 
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source. The laser beam was focused onto the sample surface by using an objective 
lens and the PL was collected through the same objective lens. The PL was dispersed 
in a monochromator and recorded using a CCD detector. Figure 4.15 shows the 
photoluminescence behavior of the conventionally annealed and post-hydrothermally 

















Both spectra demonstrate a very similar feature but they are different in terms of 
intensity. In general, the conventionally annealed thin film shows a higher intensity in 
photoluminescence spectrum than that of the post-hydrothermally treated thin film. 
Both samples demonstrates a strong band appearing at 350−475 nm, which is 























Figure 4.15.  Photoluminescence spectra of (a) the conventionally annealed and 
(b) the hydrothermally treated nanohybrid thin films, derived from the solution with 
water content of 50 vol % and pH 0.33. 
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Another broad band is present at 475−650 nm, which is related to the emission of self-
trapped states bound to the defect state induced by coordinated surface groups [47]. 
Banyai et al. [48] suggested that self-trapped states via binding to surface defect states 
can be formatted constructively through the quantum confinement and dielectric 
confinement effects. In addition, it has been shown by Zhou et al. [49] that the 
interfacial effect between the titanium dioxide and the surfactant plays an important 
role in the light emission. It has also been reported that the photoluminescence spectra 
of anatase titania in general can be attributed to three types of origins, namely surface 
states [43], self-trapped excitons [44,50], and oxygen vacancies [50,51]. According to 
the XPS result of the O 1s region shown in Figure 4.12, it can apparently be seen that 
the content of defective oxides in the conventionally annealed thin film is larger than 
that of the post-hydrothermally treated thin film. The Ti2O3 phase which is included in 
these defective oxides thus plays an important role as surface defect species for the 
emission of self-trapped excitons in the observed photoluminescence spectra. It 
explains why the conventionally annealed thin film demonstrates a higher 
photoluminescence intensity than that of the post-hydrothermally treated sample. 
 
4.4. REMARKS 
A solvent modification enables PMMA−PEO diblock copolymer to be used as a 
template for synthesizing nanohybrid thin film containing highly ordered arrays of 
TiO2 nanoparticles in PMMA matrix. Desirable nanohybrid structures were 
successfully derived by dissolving the block copolymer in a mixture solvent 
consisting of 50 vol % water in THF. At a pH level of 0.33, the undesired premature 
precipitation of TiO2 precursor is prevented, despite of the high water content 
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involved. This gave rise to a nanohybrid thin film consisting of PMMA domains in 
hexagonal-like configuration surrounded by very fine titania nanoparticles of ~2 nm 
in size. Raman spectroscopy confirms the formation of anatase as the predominant 
inorganic phase in the nanohybrid, where TiO2 dominates the interior structure of the 
nanoparticles, as shown by the Ti 2p spectrum of XPS analysis, although there is a 
possibility that certain Ti2O3 defect species can be formed on the nanoparticle 
surfaces. The latter was not probed in the present work due to limitation in the 
measurement set-up and the healing effect by oxygen and water adsorption 
Several processing parameters involved in the copolymer templating, including the 
annealing temperature, time and heating rate, have been shown to strongly affect the 
resulting nanostructure and nanoparticle arrangement in the nanohybrid thin films. 
Increasing the heating rate up to 5 oC/min effectively leads to the conversion from a 
hexagonal-like to a cubic-like hierarchical structure, accompanied by a significant 
increase in the nanoparticle size of titania phase, up to ~7 nm. The overall crystallinity 
of the inorganic oxide phase formed in the copolymer matrix is rather low due to the 
occurrence of stiff Ti−O−Ti networks responsible for the largely amorphous TiO2 
phase. Although a temperature of as low as 250 oC is enough to completely remove 
the organic constituent from the nanohybrid, however the conversion to the 
stoichiometric TiO2 phase was not realized.  
A post-hydrothermal treatment in high pressure water vapor significantly enhances 
the crystallinity of TiO2 nanoparticles, although it triggers a structural rearrangement, 
of copolymer templated nanostructure due to the growth of TiO2 nanocrystallites. As 
a consequence of the enhanced nanocrystallinity, the hydrothermally treated 
nanohybrid film exhibited a higher absorption in the visible region and a red-shift in 
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the absorbance edge towards higher wavelength in the UV region, when compared to 
that of the conventionally annealed thin film. The band gap energy of the 
hydrothermally treated nanohybrid film was calculated to be 3.21 eV, which is close 
to that of bulk anatase titania. On the other hand, the hydrothermal treatment led to a 
lower photoluminescence intensity, in comparison to the conventionally annealed 
nanohybrid thin film. This is consistent with the observation that the former contained 
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As has been discussed in the previous two chapters, transparent nanohybrids of TiO2 
nanoparticles in the PMMA matrix can be synthesized via in situ sol−gel and diblock 
copolymer templating. The two processing routes involve similar steps, in terms of 
the formation of TiO2 phase through hydrolysis and condensation of titanium alkoxide 
assisted by hydrochloric acid as the catalyst.   
In the in situ sol−gel polymerization studied in Chapter 3, hydrolysis of titanium 
alkoxide was initiated before mixing with the polymer matrix. This happens so since 
the water phase and hydrochloric acid were added into the mixture solution of 
alkoxide and ethanol. Furthermore, the condensation process proceeds quickly, 
through which the network of titanium hydroxide is formed. On the basis of XRD and 
FTIR studies, however, it was observed that a largely amorphous TiO2 phase in 
nanohybrids was resulted. It is known that for the case of sol−gel derived TiO2, if the 
condensation starts before the completion of hydrolysis, alkyl groups are incorporated 
into the structure and sterically hinder the formation of an ordered-structure [1]. The 
high functionality of titanium alkoxide thus favors a fast development of stiff Ti−OH 
networks, which in turn hinder the densification towards ordered Ti−O−Ti bonds 
during subsequent drying and annealing process [2,3]. It is indeed difficult for 
densification to proceed when the inorganic precursor is mixed with an organic 
matrix, due to the additional hindrance from organic monomers.  
By contrast, in the copolymer templating described in Chapter 4, the hydrolysis and 
condensation take place locally in the hydrophilic PEO domains of diblock copolymer 
solution containing water and hydrochloric acid. Furthermore when titanium alkoxide 
is incorporated into the solution, the presence of water and hydrochloric acid enable a 
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selective uptake and thus diffusion of this inorganic precursor into PEO sites. 
Immediate protonation of alkoxide with ion H+ from water and thus hydrolysis 
process take place, followed by subsequent condensation leading to formation of TiO2 
nanoparticles. Through this mechanism, TiO2 nanoparticles are formed and confined 
in regular hexagonal-like or cubical-like arrays following the spatial arrangement 
made by the micelles of diblock copolymer. Due to the confinement effect, the 
resulted TiO2 nanoparticles possess very uniform size distribution. These are the main 
advantages offered by copolymer templating in comparison to the in situ sol−gel 
polymerization. On the basis of XRD studies, however, the nanocrystallinity of TiO2 
phase derived from copolymer templating is still very low. Although the formation of 
anatase TiO2 phase could be probed by XPS and Raman spectroscopies, however, the 
ordered Ti−O−Ti networks occurred in a short range order. Annealing at a 
temperature of around 150 oC could not convert the inorganic precursor into 
nanocrystalline phase. Further annealing at higher temperature is limited by the 
stability of the polymer matrix.  
Simple variation of processing parameters in the in situ sol−gel polymerization and 
copolymer templating are not effective enough in significantly enhancing the 
nanocrystallinity of TiO2 phase in the nanohybrid. A complete hydrolysis is needed 
before the condensation process begins, which shall proceed slowly in order to give 
rise to an ordered-structure [1]. Hydrothermal treatment has been successfully used to 
synthesize several oxide ceramics of high crystallinity [4]. Indeed, the 
nanocrystallinity of the nanohybrid thin film derived from block copolymer 
templating was enhanced by a post-hydrothermal process (Section 4.3.5 of Chapter 4), 
as confirmed by TEM, XPS, FTIR, UV−Vis and photoluminescence studies. 
However, the resulting nanohybrids exhibit a rather thin film thickness. With a 
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thickness of less than 30 nm, the post-hydrothermally treated film demonstrated a 
limited functionality.  
Undoubtedly, an appropriate hydrothermal condition is considered effective in 
enhancing the nanocrystallinity of TiO2 phase in nanohybrids. It will be of interest to 
investigate how a pre-hydrothermal treatment will affect the hydrolysis of the sol 
precursor. In particular, it will be of considerable value to understand whether such 
pre-hydrothermally treated TiO2 precursor can lead to an enhanced nanocrystallinity 
of TiO2 phase in the nanohybrid.  
 
 
5.2. OBJECTIVES OF INVESTIGATION 
The main objective in this chapter is to investigate the feasibility of using 
hydrothermal condition to enhance the nanocrystallinity of TiO2 phase in 
TiO2−PMMA nanohybrids. The rationale behind this approach, as mentioned above, 
is based on the assumption that a complete hydrolysis is needed before the 
condensation reaction begins [1]. A systematic study is thus first made with the 
hydrothermal treatment of inorganic precursor sol solution. Since such treatment is 
performed before the inorganic precursor is mixed with organic matrix, it is named 
“pre-hydrothermal treatment”. Several processing parameters involved in the process, 
including the duration of hydrothermal treatment, drying and annealing conditions are 
examined for their effects on the TiO2 phase formation and the resulting 
nanostructures. For comparison purposes, inorganic precursor of the same 
composition was synthesized, but without undergoing pre-hydrothermal treatment. 
This is to verify the effects of the pre-hydrothermal treatment on the hydrolysis of 
Chapter 5: TiO2−PMMA Nanohybrids by Pre-and Post-Hydrothermal Treatments 
 
183 
titanium alkoxide in the precursor stage as well as the nanocrystallinity of the TiO2 
phase in the nanohybrid. 
In this chapter, a study is also made with the “post-hydrothermal treatment”, which is 
applied to the nanohybrids. This is aimed at investigating whether such post-treatment 
can further increase nanocrystallinity of TiO2 in nanohybrids and whether it can lead 
to the degradation on polymer matrix. For a comparison purposes, a post-
hydrothermal treatment is also applied to a nanohybrid derived from the inorganic 
precursor without a pre-hydrothermal treatment. A comparison study can thus be 
performed, in order to further understand the crystallization process of TiO2 in 
PMMA matrix, and whether an enhancement in TiO2 nanocrystallinity can be 
achieved while the integrity of organic matrix is maintained. 
The objectives of this chapter can thus be summarized as follows: 
(a) To explore the feasibility of employing pre-hydrothermal treatment to enhance 
the nanocrystallinity of TiO2 in the inorganic sol precursor and thus in the 
nanohybrids, and if so, to understand the mechanisms involved; 
(b) To investigate the feasibility of applying a post-hydrothermal treatment on the 
nanohybrids derived from TiO2 sol−gel precursors, in order to enhance the 
overall crystallinity of nanohybrids, and at the same time whether such a high 
water vapor pressure will significantly degrade the polymer matrix; 
(c) To understand the effects and mechanism of pre-annealing prior to the post-
hydrothermal treatment on the nanocrystallinity of the nanohybrids derived from 
TiO2 sol−gel precursors. 
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5.3. RESULTS AND DISCUSSION 
5.3.1. Pre-hydrothermally treated TiO2 precursors 
As a starting point for the study in this chapter, the inorganic TiO2 sol solution was 
first pre-hydrothermally treated at 80 oC in the Teflon tube sealed carefully inside the 
steel autoclave. The inorganic sol solutions, upon pre-hydrothermal treatment for 2 
and 10 hours, appeared transparent to translucent, while those treated for a longer 
period of time of 15 and 24 hours turned opaque. As a comparison, the sol precursor 
without pre-hydrothermal treatment was transparent. This indicates that the pre-
hydrothermally treated sol precursors have undergone a degree of hydrolysis. In order 
to confirm whether the pre-hydrothermal treatment had enhanced nanocrystallinity of 
TiO2, a preliminary XRD study was performed on TiO2 powders derived from these 
sol solutions. Figures 5.1 shows the XRD traces of TiO2 powders derived from 
inorganic sol solutions without and with pre-hydrothermal treatment, followed by 
drying at 60 oC. The powder derived from the precursor without pre-hydrothermal 
treatment (trace “(i)”) shows a very broad hump in the 2θ range of 20−35o, indicating 
a low crystallinity of TiO2 phase. Furthermore, it can be seen that the pre-
hydrothermal treatment at 80 oC for 2 and 10 hours can only provide a small effect on 
TiO2 crystallinity (traces “(ii)” and “(iii)”). Such a low crystallinity is reflected with 
two weak diffraction peaks at 2θ of 25.35 and 48.25o, corresponding to (101) and 
(200) crystal planes for anatase titania, which is similar to the largely amorphous 
sample without pre-hydrothermal treatment (trace “(i)”). A considerable enhancement 
of these peaks could only be obtained when the treatment was performed for a longer 
duration of 15 to 24 hours (traces “(iv)” and “(v)”). Such crystallinity enhancement is 
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more evident by the appearance of additional peaks at 2θ of 38.45, 54.85 and 63.38o, 




















Figures 5.2 shows the XRD traces of the TiO2 powders after annealing at 110 oC for 
24 hours. The enhancement in crystallinity was apparently shown by the annealed 
powder derived from the sol solution which was pre-hydrothermally treated for 2 
hours (trace “(ii)”). Furthermore, the intensities of all the peaks were found to 
increase significantly when the pre-hydrothermal treatment was performed for 10 to 
24 hours (traces “(iii)” to “(v)”). For the annealed TiO2 powders without pre-
hydrothermal treatment (trace “(i)”), the effect of annealing process on the 
Figure 5.1.  XRD traces of the TiO2 powders dried at 60oC, derived from 
inorganic sol solutions: (i) without pre-hydrothermal treatment; and with pre-
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nanocrystallinity enhancement for TiO2 phase is rather limited. The diffraction peaks 
of this sample are just slightly improved in comparison to that of dried sample (trace 












It is well-known that the XRD peaks are related to the crystallites characteristics [5, 
6]. On the basis of full-width at half maximum (FWHM) or line broadening of 
selected peaks, the crystallite sizes (t) of TiO2 powders derived from inorganic sols 
without and with pre-hydrothermal treatments at both drying and annealing conditions 
were calculated and the results are listed in Table 5.1.  
Figure 5.2.  XRD traces of the TiO2 powders annealed at 110 oC, derived from 
inorganic sol solutions: (i) without pre-hydrothermal treatment; and with pre-

































Crystallite size, t (nm)  
Inorganic sol solution 
Drying (60 oC, 72 h) Annealing (110 oC, 24 h) 
Without pre-hydrothermal  1.4 + 0.3 3.7 + 0.8 
2 hours 2.4 + 0.7 7.6 + 0.5 
10 hours 5.5 + 1.3 7.9 + 0.5 
15 hours 6.8  + 0.9 8.7 + 0.9 
With pre-
hydrothermal 
24 hours 7.4 + 0.8 9.1 + 1.2 
In the calculation, broadening due to the non uniform strain and the instrumental line 
width in the XRD apparatus were excluded. It can be seen that upon thermal 
annealing, there is a significant crystallite growth, reaching ~8−9 nm in sizes for the 
samples derived from inorganic sols with pre-hydrothermal treatment, while that of 
without pre-hydrothermal treatment it is ~4 nm.  
In order to further investigate the difference in nanocrystallinity of the TiO2 powders 
as a result of the pre-hydrothermal treatment, FTIR spectroscopy was performed. 
Figure 5.3 shows the FTIR spectra of the dried TiO2 powders. It can be clearly seen 
that among these samples there is a significant difference in intensity for the broad 
absorption bands located at ~3400−3500 cm-1, which is assigned to hydroxyl groups 
of Ti−OH or water [7]. While the band intensity of the sample without pre-
hydrothermal treatment (spectrum “(i)”) in this wavenumber range is quite intense, 
those of samples with pre-hydrothermal treatment show a consistent decrease in 
accordance with the increase in the pre-hydrothermal treatment time from 2 to 15 
Table 5.1.  The crystallite sizes (t) calculated by using Scherrer’s formula for 
TiO2 powders derived from inorganic sol solutions with and without pre-
hydrothermal treatments 
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hours (spectra ”(ii)” to “(iv)”). Finally, the absorption spectrum became rather flat 
when the treatment was performed for 24 hours (spectrum “(v)”). It should be noted 
that all the FTIR samples were dried and stored in the vacuum desiccator for several 
days prior to measurement. For the measurement, the samples were transferred 
quickly from the desiccator to the sample holder in the spectrophotometer. By doing 
so, the presence of adsorbed water from atmosphere on the samples can be minimized 












As mentioned in Section 5.1, the presence of stiff Ti−OH networks gives rise to a low 
crystallinity in TiO2 phase. This can also be related to a considerable amount of stress 
Figure 5.3.  FTIR spectra of the TiO2 powders dried at 60 oC, derived from 
inorganic sol solutions: (i) without pre-hydrothermal treatment; and with pre-
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and strain occurring in the TiO2 clusters, which causes an incoherent scattering of X-
rays upon XRD measurement [8,9]. This explains why the overall diffraction peaks 
appear broad and low in intensity. Based on this understanding, therefore, correlation 
between these FTIR results with the difference in nanocrystallinity of TiO2 phase by 
XRD traces in Figure 5.1 strongly suggests that an increase in the duration of pre-
hydrothermal treatment reduces the number of stiff Ti−OH networks which are 
responsible for the largely amorphous nature and low crystallinity of TiO2 phase. 
Upon the pre-hydrothermal treatment, the hydrolysis process resulted in more flexible 
Ti−OH networks, leading to the rearrangement and densification of ordered Ti−O−Ti 
bonds and thus formation of crystalline TiO2 phase [1].  
As shown by the XRD traces in Figure 5.2, the application of annealing at 110 oC to 
the pre-hydrothermally treated samples further converted the remaining hydrolyzed 
titanium alkoxide into nanocrystalline TiO2 leading to enhancement in 
nanocrystallinity. Figure 5.4 shows the FTIR spectra of the annealed TiO2 powders, 
which demonstrate a much stronger absorption band at ~900−400 cm-1, in comparison 
to those of dried samples shown in Figure 5.3. This band, which is centered at ~650 
cm-1, is accounted for by stretching vibrations of Ti−O−Ti groups and is regarded as 
the characteristic peak for TiO2 [10]. On the other hand, it is worth to note that 
although such intensity difference in this range can also be observed for the dried and 
annealed samples derived from sol solution without pre-hydrothermal treatment, 
however as discussed above, the difference is rather small. This, therefore, strongly 
confirms that the annealing process can induce a more pronounced enhancement 
effect in nanocrystallinity for the TiO2 precursors that were subjected to pre-
hydrothermal treatment. This has been quantitatively shown by the crystallites sizes 
calculated by using Scherrer’s formula in Table 5.2. It can be concluded, therefore, 
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that the pre-hydrothermal treatment is sufficiently effective to enhance the hydrolysis 
process of TiO2 precursor at the solution stage and thus to provide more readily 
Ti−O−Ti bonds for the densification upon subsequent thermal annealing. This in turn 













5.3.2.   Nanohybrids derived from pre-hydrothermally treatment  
With the observed enhancement of nanocrystallinity for TiO2 by pre-hydrothermal 
treatment, it would be of interest to apply to nanohybrids i.e., by mixing those pre-





























Figure 5.4.  FTIR spectra of the TiO2 powders annealed at 110oC, derived from 
inorganic sol solutions: (i) without pre-hydrothermal treatment; and with pre-
hydrothermal treatments at 80 oC for (ii) 2, (iii) 10, (iv) 15, and (v) 24 hours, 
respectively. 
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matrix. Details of the synthesis procedure have been described in Section 2.2.2.1 of 
Chapter 2. Figure 5.5 shows the XRD traces for the resulting nanohybrids which were 












From the figure above, it is obviously seen that the crystallinity of the nanohybrids 
derived from the pre-hydrothermally treated sols for 2 and 10 hours (traces “(ii)” and 
“(iii)”) is much lower than the well-established diffraction peaks shown by the 
annealed TiO2 powders derived from the same pre-hydrothermally treated sol 
solutions (Figure 5.2). Their XRD traces are rather comparable with that of derived 
























(112) (200) (211) (204) 
Figure 5.5.  XRD traces of the annealed TiO2−PMMA nanohybrids, derived 
from the inorganic sol solutions: (i) without pre-hydrothermal treatment; and with 
pre-hydrothermal treatments at 80 oC for (ii) 2, (iii) 10, (iv) 15, and (v) 24 hours, 
respectively. 
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increase in XRD peak intensity was obtained only when the nanohybrids were 
synthesized using the sol solutions which have undergone pre-hydrothermal treatment 
for 15 and 24 hours (traces “(iv)” and “(v)”). In general, the XRD traces of 
nanohybrids synthesized through this route have a closer similarity with those of TiO2 












Based on the above XRD studies, therefore, it can be concluded that during mixing 
process with the pre-polymerized PMMA solution, the pre-hydrothermally treated 
inorganic sols were dispersed to the extent where most of the hydrolyzed titanium 
alkoxide were capped strongly by the organic moieties. This involves siloxane groups 
Figure 5.6.  FTIR spectra of the annealed TiO2−PMMA nanohybrids, derived 
from the inorganic sol solutions: (i) without pre-hydrothermal treatment; and with 
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of the coupling agent 3-(trimethoxysilyl)propyl methacrylate or MSMA which can 
provide strong hydrogen-bonding interactions between the acrylic groups and Ti−OH 
groups. Indeed, the resulting nanohybrid solutions appear transparent, although the 
pre-hydrothermally treated sol precursors appeared translucent to opaque, indicating a 
different degree of hydrolysis. When the annealing process was carried out, therefore, 
the densification to form TiO2 phase from the hydrolyzed Ti−OH groups was 
hindered by the formation of rigid network of polymer chains. This leads to a largely 
amorphous TiO2 phase, which was similar to that derived from the sol solution 
without pre-hydrothermal treatment. This was also demonstrated by the intensity of 
Ti−O−Ti absorption band at ~900−400 cm-1 in FTIR spectra in Figure 5.6, which does 
not show a significant difference for all nanohybrids.  
Referring to the XRD traces in Figure 5.5, there was a considerable enhancement for 
TiO2 nanocrystallinity in the nanohybrids derived from inorganic sol solution with a 
longer pre-hydrothermal treatment time of 15 to 24 hours (traces “(iv)” and “(v)”). 
This is related to the high number of TiO2 aggregates resulted from the initial pre-
hydrothermal treatment which cannot be capped further by the organic matrix MMA 
and the coupling agent MSMA. In order to confirm this conclusion, transmission 
electron microscopy (TEM) observation was performed on selected samples, i.e., 
nanohybrids derived from the inorganic sol solutions which were pre-hydrothermally 
treated for 2 and 24 hours, respectively. The results are given in Figure 5.7, which 
shows that while nanohybrid derived from pre-hydrothermally treated sol for 2 hours 
contains dispersed TiO2 nanoparticles in the PMMA matrix (Figure 5.7a), there exists 
a significant aggregation of TiO2 nanoparticles in nanohybrid derived from pre-
hydrothermally treated sol for 24 hours (Figure 5.7b). 










5.3.3.   Post-hydrothermally treated nanohybrids  
It is of further interest to apply post-hydrothermal treatment on nanohybrids derived 
from inorganic sol solution without and with pre-hydrothermal treatments for 2 and 
24 hours. For comparison purposes, the post-hydrothermal treatment was performed 
for each type of nanohybrids which were pre-treated under two conditions: drying at 
60 oC and annealing at 150 oC. The XRD traces of the nanohybrids derived from these 
various techniques are given in Figures 5.8−5.10 and the corresponding calculated 
crystallite sizes for all samples are listed in Table 5.4.  
Firstly, it can be seen that for nanohybrids derived from pre-hydrothermal treatments 
at 80 oC for 2 and 24 hours, the intensity of their XRD peaks at both drying and 
annealing conditions is almost the same (traces “(i)” and “(ii) in Figures 5.8 and 5.9). 
This confirms that the nanocrystallinity of TiO2 phase in these nanohybrids was 
strongly determined by the degree of hydrolysis completion obtained from pre-
hydrothermal treatment and furthermore fixed by the hindrance effect from the 
Figure 5.7.  TEM images of the nanohybrids samples derived from the pre-
hydrothermally treated inorganic sol solution for (a) 2 and (b) 24 hours, 
respectively. 
(a) (b) 
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polymer matrix during the onset of annealing at low temperature. This is reflected by 
little crystallite growth of TiO2 phase in nanohybrids (>1 nm) as listed in Table 5.2, 
i.e. from 4.34 to 5.23 nm and 6.35 to 7.07 nm for the samples derived from pre-
hydrothermal treatment at 80 oC for 2 and 24 hours, respectively. In contrast, the 
annealed nanohybrid derived from inorganic precursor without pre-hydrothermal 
treatment showed a higher enhancement in nanocrystallinity for anatase phase (trace 
“(ii)” in Figure 5.10), as compared to the dried sample (trace “(i)”). The crystallites 
grew considerably by ~2 nm, from 1.11 to 3.09 nm. The phenomenon will be 












Figure 5.8.  XRD traces of the TiO2−PMMA nanohybrids derived from pre-
hydrothermally treated inorganic sol solution at 80 oC for 24 hrs under various 
conditions: (i) drying; (ii) annealing; (iii) drying + post-hydrothermal; and (iv) 
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Secondly, when the post-hydrothermal treatment was applied, it is obviously observed 
that all samples demonstrated an enhancement in their XRD peaks (traces “(iii)” and 
“(iv)” in Figures 5.8−5.10). Based on the Imai model of the sol−gel derived TiO2 
films [11,12], this enhancement in crystallinity arises from the cleavage of strained 
Ti−O−Ti bonds in nanohybrids by water molecules. This leads to the formation of 
flexible Ti-OH and thus more stable Ti−O−Ti bonds, which in turn rearrange and 
densify into TiO2 nanocrystallites. There is an interesting point to note with the results 
of crystallite size determination in Table 5.2, i.e., upon the application of post-


























Figure 5.9.  XRD traces of the TiO2−PMMA nanohybrids derived from pre-
hydrothermally treated inorganic sol solution at 80 oC for 2 hrs under various 
conditions: (i) drying; (ii) annealing; (iii) drying + post-hydrothermal; and (iv) 
annealing + post-hydrothermal treatment, respectively.  
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sol solution without pre-hydrothermal treatment, the crystallite could grow by 5.8 and 
6.8 nm. However, the crystallite growth is relatively smaller for the dried and 
annealed samples derived pre-hydrothermal treatment for 2 hours, i.e., 4.6 and 3.7 
nm. For the nanohybrids with pre-hydrothermal treatment for 24 hours, the crystallites 
can only grow by 3.1 and 2.4 nm, respectively. It is apparently shown that the 
nanocrystallinity enhancement by post-hydrothermal treatment is more pronounced in 
the nanohybrids derived from inorganic sol solution without and with pre-
hydrothermal treatment for 2 hours, as compared to that of with much longer pre-






































Figure 5.10.  XRD traces of the TiO2−PMMA nanohybrids derived from 
inorganic sol solution without pre-hydrothermally under various conditions: (i) 
drying; (ii) annealing; (iii) drying + post-hydrothermal; and (iv) annealing + post-
hydrothermal treatment, respectively.  






Crystallite size, t (nm)  
Inorganic sol 





hydrothermal 1.1 + 0.3 3.1 + 0.2 6.9 + 2.0 9.9 + 2.6 
With pre-
hydrothermal   
2 hours 




6.4 + 0.9 7.1 + 0.8 9.5 + 2.3 9.5 + 2.2 
Thirdly, the drying and thermal annealing processes provide a particular effect to 
make further differences in TiO2 nanocrystallinity for the nanohybrids without pre-
hydrothermal treatment. As shown by trace “(iv)” in Figure 5.10, the XRD peaks of 
the post-hydrothermally treated samples which have undergone pre-annealing process 
are much sharper than those of pre-dried (trace “(iii)”). An explanation for this is 
related to the formation of TiO2 nuclei by the initial annealing process which plays an 
important role in the subsequent post-hydrothermal treatment. In order to further 
confirm the phenomenon, FTIR spectroscopy was performed on the dried and 
annealed samples. Figure 5.11 shows the FTIR spectra of the nanohybrids derived 
from sol solution without pre-hydrothermal treatment and followed by drying at 60 oC 
(spectrum “(i)”) and by annealing at 150 oC (spectrum “(ii)”), respectively. The 
occurrence of TiO2 nuclei in these samples is represented by the stretching vibration 
of Ti−O bonds as a rather broad band centered at ~450 cm-1 [14] and a small but sharp 
peak of Ti−O−Ti at 650 cm-1 [10]. It is clearly shown that the intensity of both peaks 
Table 5.2.  The crystallite sizes (t) calculated by using Scherrer’s formula for 
TiO2−PMMA nanohybrids derived from inorganic sol solutions without and with 
pre-hydrothermal treatments. 
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is stronger in the annealed samples than that of the dried one, indicating a higher 
number of TiO2 nuclei. This also confirms the difference in XRD peaks between 
traces “(i)” and “(ii)” in Figure 5.10. Subsequent post-water vapor treatment thus 
involved these nuclei in the rearrangement of flexible Ti−O−Ti bonds. It can be 
understood, therefore, that the higher number of nuclei involved had led to the 
formation of higher number of TiO2 nanocrystallites, as represented by sharp peak 










Based on the above analysis on the crystallite growth, it appears that the provision of 
TiO2 nuclei in the post-hydrothermal treatment is more obvious by the sample without 
pre-hydrothermal treatment in comparison to that of with pre-hydrothermal treatment 
at 80 oC for 2 hours. This is related to the lower number of nuclei in the latter since it 
Figure 5.11.  FTIR spectra of the TiO2−PMMA nanohybrids derived from 
inorganic sol solution without pre-hydrothermally treatment under (i) drying and 




























Chapter 5: TiO2−PMMA Nanohybrids by Pre-and Post-Hydrothermal Treatments 
 
200 
contains a higher concentration of hydrolyzed titanium alkoxides resulted from the 
previous pre-hydrothermal treatment. These hydrolyzed species are more confined in 
the polymer matrix than the TiO2 nuclei once both inorganic and organic precursors 
were mixed. During the post-hydrothermal treatment, therefore, they could not 
contribute much to the rearrangement of flexible Ti−O−Ti bonds leading to the 
formation of nanocrystalline TiO2 phase. This can be further confirmed by analyzing 
the XRD peaks for the samples derived from pre-hydrothermal treatment at 80oC for 
24 hours in Figure 5.10, showing a rather small intensity difference between trace 
“(i)” and “(iii)”, and also between trace “(ii)” and “(iv)”, as reflected by the difference 
in their crystallite growth by 3.11 and 2.40 nm only. With a much higher number of 
fully hydrolyzed species that have been strongly confined to the polymer matrix, 
much less effect of post-hydrothermal treatment on these samples was observed. This 
also explained a rather small difference in crystallite size of less than 1 nm observed 
between the dried and annealed samples, as has been discussed in the first paragraph 
of page 195. 
As mentioned in Section 5.2, another important consideration is whether the polymer 
matrix suffers a severe degradation upon the application of high pressure water vapor. 
In order to investigate this, FTIR spectroscopy was employed on the conventionally 
annealed and post-hydrothermally treated nanohybrids derived from the same 
precursor, i.e., the TiO2 sol solution without pre-hydrothermal treatment. As shown in 
Figure 5.12, the intensities of C−H, C=O and C−O−C at 2950, 1737 and 1003−1258  
cm-1 absorption bands for PMMA matrix [15] in the post-hydrothermally treated 
sample were maintained and are comparable to those of the conventionally annealed 
sample without post-hydrothermal treatment. It shows that the polymer matrix in the 
post-hydrothermally treated sample was successfully preserved. 















The result above also confirms the enhanced nanocrystallinity achieved in the post-
hydrothermally treated sample as has been shown previously by XRD studies. Again, 
this is represented by a strong absorption band in the range of 900−400 cm-1 centered 
at ~650 cm-1, which is a characteristic peak for nanocrystalline TiO2. By contrast, the 
amorphous nature of the conventionally annealed sample is shown by tiny peaks at 
~450 and 650 cm-1 representing the stretching vibrations of Ti−O and Ti−O−Ti in the 
short-range ordered TiO2 clusters.  
 
Figure 5.12.  FTIR spectra of the TiO2−PMMA nanohybrid derived from 
inorganic sol solution without pre-hydrothermal treatment under (i) annealing and 
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5.3.4.   Effect of pre-annealing temperatures  
As has been discussed in the previous sections, a pre-annealing step prior to post-
hydrothermal treatment has a strong impact on providing TiO2 nuclei which in turn 
take a part in the rearrangement of Ti−O−Ti bonds leading to an enhancement in the 
nanocrystallinity of nanohybrids. In order to further confirm this mechanism, a series 
of experiment was conducted by varying the pre-annealing temperatures: 60, 90, 110, 
150 and 200 oC, followed by the same post-hydrothermal at 150 oC. The duration for 
each stage was fixed at 24 hours. The XRD traces for the resulting nanohybrids are 











Figure 5.13.  XRD traces of the TiO2−PMMA nanohybrids derived from inorganic 
sol solution without pre-hydrothermally treatment, under annealing conditions at (i) 
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(204) 
Chapter 5: TiO2−PMMA Nanohybrids by Pre-and Post-Hydrothermal Treatments 
 
203 
It is apparently demonstrated that the XRD intensity of the post-hydrothermally 
treated nanohybrid which was previously pre-annealed at 90 oC (trace “(ii)”) lies in 
between those of pre-annealed at 60 oC (trace “(i)”) and at 150 oC (trace “(iv)”). This 
is expected and confirms the concentration of TiO2 nuclei formed at this temperature 
is higher than that of at 60 oC, but lower when compared to that of at 150 oC. The 
crystallinity of TiO2 phase resulted from post-hydrothermal treatment is therefore in 
between these two samples. Furthermore, it is of interest to observe further two 
important features, i.e., the intensity of nanohybrid which was pre-annealed at 110oC 
(trace “(iii)”) is considerably higher than that of at 150 oC; while on the other hand the 
latter still demonstrates rather a higher nanocrystallinity than that of pre-annealed at 
200 oC (trace “(v)”).  
The above observations can be explained by considering the formation of TiO2 nuclei 
in the presence of polymer chains upon pre-annealing and post-hydrothermal 
treatments. At the annealing temperatures of 60, 90 oC which are far below the glass-
transition temperature (Tg) of PMMA (~105 oC), and that at 110 oC which is only 
slightly higher than Tg of PMMA, polymerization of monomer MMA was not yet 
fully completed. On the other hand the provision of TiO2 nuclei or nanoclusters is 
expected to increase with an increase in pre-annealing temperature. In the subsequent 
pos-hydrothermal treatment, therefore, the resulting TiO2 nanocrystallites, as 
represented with the XRD peak intensity, follow the same trend. However, there is a 
drop in crystallinity by trace “(iv)”), since at the pre-annealing temperature of 150oC, 
polymerization of MMA monomers had largely taken place. Strong hindrance effect 
was resulted unavoidably, which tightly confined and prevented the TiO2 nuclei from 
being involved in the Ti−O−Ti bond rearrangement during post-hydrothermal 
treatment. Due to this rather high annealing temperature, more amorphous TiO2 phase 
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is thus resulted from the stiff and undensified Ti−OH networks. Such process also 
explains the further drop in crystallinity demonstrated by nanohybrid which was pre-
annealed at 200 oC (trace “(v)”). At this temperature, the polymer matrix had 
definitely become much more rigid and provided even smaller freedom for the TiO2 
nuclei and/or amorphous TiO2 network to be rearranged in the subsequent post-
hydrothermal treatment.  
 
5.3.4.   Effect of coupling agent concentration  
In order to further confirm the mechanism discussed above, one more series of post-
hydrothermal experiments were conducted on the nanohybrids derived from precursor 
solutions containing different amounts of coupling agent MSMA. As shown by XRD 
traces in Figure 3.13, the nanohybrid sample derived from the solution with a 
MSMA/(MSMA+MMA) molar ratio of 0.05 exhibits a higher TiO2 nanocrystallinity 
than that derived from 0.25 (Fig. 3.13). The FTIR spectra in Fig. 3.14 shows that this 
is mainly due to the higher number of Ti−O−C bonds in the former which functions as 
interfacial sites for TiO2 nucleation and assist the arrangement of Ti−O−Ti bonds 
during the conventional annealing. It is therefore of interest to know whether a post-
hydrothermal treatment will give rise to a further enhancement in TiO2 
nanocrystallinity. 
Traces “(i)” and “(ii)” in Figure 5.14 are the re-plot of Figure 3.13 showing the 
diffraction peaks for the nanohybrid samples synthesized from solutions with 
coupling agent ratio (MSMA/(MSMA+MMA)) of 0.25 and 0.05, respectively, while 
traces “(iii)” and “(iv)” are the XRD results of both samples upon post-hydrothermal 
treatment. Note that trace “(iii)” itself has been previously displayed as trace “(iv)” in 
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Figure 5.8 and Figure 5.12. It is apparently seen that a remarkable enhancement in 
intensity is shown by the post-hydrothermally treated nanohybrids containing a 
coupling agent ratio of 0.05 as compared to that of 0.25. This confirms that although 
there is only a slightly higher concentration of Ti−O−C bonds in the former, during 
post-hydrothermal treatment they can favor a significant rearrangement of Ti−O−Ti 













Figure 5.14.  XRD traces of the TiO2−PMMA nanohybrids derived from 
precursor solution with (MSMA/(MSMA+MMA)) molar ratio of 0.25 upon (i) 
annealing and (iii) post-hydrothermal treatment; while traces (ii) and (iv) are at the 



































Two different approaches, involving hydrothermal treatment at the different stages of 
sol−gel and in situ polymerization, have been taken in an attempt to enhance the 
nanocrystallinity of TiO2−PMMA nanohybrids, and at the same time to maintain the 
integrity of the polymer matrix. On the basis of XRD and FTIR studies, it is shown 
that the pre-hydrothermal treatment on the inorganic sol precursors is effective to 
assist the completion of hydrolysis leading to the formation of a more ordered 
structure for TiO2 phase with enhanced crystallinity. However, the entrapment of the 
pre-hydrothermally hydrolyzed segments by the organic matrix results in a strong 
hindrance effect for the further condensation of Ti−O−Ti network. This led to the 
nanohybrids with a largely amorphous TiO2 phase, similar to that derived from the sol 
solution without pre-hydrothermal treatment. In contrast, the post-hydrothermal 
treatment on the nanohybrids derived from inorganic sol solution without pre-
hydrothermal treatment provides more pronounced crystallinity. This arises from the 
cleavage of strained Ti−O−Ti bonds in the nanohybrids by water molecules so that 
they can rearrange themselves slowly and crystallize into an equilibrium state forming 
TiO2 nanocrystallites. The approach can enhance the nanocrystallinity of TiO2 phase 
considerably and at the same time preserve the integrity of polymer matrix. While the 
nanohybrid thin films derived from the post-hydrothermal treatment are highly 
transparent in the visible wavelength, those derived from the pre-hydrothermal 
treatment are rather opaque due to the occurrence of TiO2 aggregates. 
A significant difference in crystallinity in the post-hydrothermally nanohybrids was 
observed when an additional pre-annealing at 150 oC was applied in comparison to 
that of drying at 60 oC. FTIR studies reveal that this is related to the high 
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concentration of TiO2 nuclei formed by the initial annealing in the former, which in 
turn facilitate in the rearrangement of flexible Ti−O−Ti bonds. Further investigation 
on this aspect shows that varying the pre-annealing temperatures from 60 to 110 oC, 
prior to the post-hydrothermal treatment, provides a concurrent mechanism between 
the TiO2 nuclei and matrix confinement effect due to the polymerization of PMMA. 
Pre-annealing up to 110 oC enhanced the nanocrystallinity of nanohybrids by 
increasing the number of TiO2 nuclei involved in the rearrangement of Ti−O−Ti 
bonds during post-hydrothermal treatment. However, raising the pre-annealing 
temperature to 150 and then 200 oC did not lead to further increase in nanohybrid 
crystallinity; rather a drop in crystallinity is observed. At this temperature range, 
PMMA is fully polymerized; preventing the Ti-O-Ti bond rearrangement. In addition, 
it was observed that extensive rearrangement of Ti−O−Ti bonds during water vapor 
application occurred in the nanohybrid derived from a solution containing a lower 
coupling agent ratio. This demonstrates that the initial bonding strength between the 
inorganic and organic segments prior to post-hydrothermal treatment plays an 
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6.1. BACKGROUND  
As has been demonstrated in Chapter 5, TiO2−PMMA nanohybrids of enhanced 
nanocrystallinity can be synthesized via a modified in situ sol−gel route involving 
additional pre-hydrothermal treatment of the inorganic precursor prior to mixing with 
the organic polymer. It has also been shown that the hydrothermal time duration play 
a significant role in enhancing the nanocrystallinity of both the precursor and the 
resulting nanohybrids. However, the resulting nanohybrid thin films were low in 
transparency. The films were rather opaque and showed high absorption in the visible 
region of wavelength. This was not expected since the initial mixture of pre-
hydrothermally treated TiO2 precursor and pre-polymerized PMMA solutions were 
highly transparent. Investigation by using AFM showed that there occurred a degree 
of serious aggregation with average sizes bigger than 100−200 nm. Such structural 
non-uniformity causes light scattering, which in turn leads to the high optical loss. 
This significantly limits the potential applications of the nanohybrid thin films for 
optoelectronic devices [1].  
Previous investigations have suggested that non-uniformity is related to poor 
interaction between the inorganic and organic moieties, particularly during the spin 
coating. The high evaporation rate of solvent mixture consisting of ethanol and 
tetrahydrofuran (THF) tends to separate the constituents during spin coating, which 
resulted in rough and opaque thin films. Such separation is more severe in the 
nanohybrids of high nanocrystallinity derived from TiO2 precursors which were pre-
hydrothermally treated at higher temperatures and longer duration of time. 
On the other hand, the XRD results in Section 5.3.3 showed that the nanohybrid that 
was subjected to an additional pre-annealing process prior to post-hydrothermal 




treatment exhibited a significantly enhanced nanocrystallinity. Its crystallinity is 
comparable with that of the nanohybrid derived from a pre-hydrothermally treated sol 
precursor. The mixture solution of the latter was rather opaque, due to the presence of 
the hydrolyzed titanium alkoxides. Based on this observation, a sequential process 
involving conventional annealing followed by an appropriate post-hydrothermal 
treatment would be more promising to lead to a nanohybrid thin film of both 
enhanced nanocrystallinity and transparency. Again, the effects of the thermal 
treatment on the integrity of polymer matrix must be taken into consideration. 
Although the FTIR study in Section 5.3.3 has confirmed a well-preserved organic 
matrix in the nanohybrid in powder form after the post-hydrothermal treatment, 
whether this is the case for a nanohybrid thin film needs further investigation. 
As has also been demonstrated in Chapter 3, a TiO2−PMMA nanohybrid thin film is 
promising as a nonlinear optical material showing a unique optical behavior, where 
the two-photon absorption coefficient (β) and nonlinear refractive index (n2) are 
dependent on titania loading. The highest nonlinear optical responses were observed 
with the nanohybrid thin film derived from a solution with 60 wt % titanium alkoxide 
precursor in the PMMA matrix (coded as sample T60). As confirmed by the Z-scan 
technique using 250 femtosecond laser pulses at 780 nm, its two-photon absorption 
coefficient (β) and nonlinear refractive index (n2) are 1400 cm/GW and 2.50 x 10-2 
cm2/GW, respectively. In addition, the observed optical nonlinearity had a very fast 
recovery time of ~1.5 picoseconds, suggesting potential applications in optical 
switching devices [2]. In connection with these observations, therefore it would be of 
a particular interest in this chapter to further investigate the effects of enhanced 
crystallinity of TiO2 nanoparticles in the PMMA thin films on their linear and 
nonlinear optical properties.  




6.2. OBJECTIVES OF INVESTIGATION 
This chapter is aimed at investigating the feasibility of effectively enhancing the 
nanocrystallinity of TiO2−PMMA nanohybrid thin films, on the basis of what have 
been successfully achieved in the previous chapters. Firstly, the transparent 
nanohybrid thin films will be formed by spin coating. They will be then subjected to 
appropriate post-hydrothermal treatment in an attempt to enhance their 
nanocrystallinity, and at the same time to preserve the integrity of the polymer matrix. 
For these purposes, the spin coated nanohybrid thin films are dried and annealed at 
different temperatures, prior to post-hydrothermal treatment. As discussed in Section 
5.3.4 of Chapter 5, the conventional pre-annealing facilitates nucleation of TiO2 
cluster involving in the Ti−O−Ti bonds rearrangement. Similarly, post-hydrothermal 
treatment temperature also affects the overall nanocrystallinity and the resulting 
nanohybrid structure. The transparent nanohybrid thin films at various 
nanocrystallinity will be investigated for their linear and nonlinear optical properties. 
In particular, it would be of considerable interest to establish the correlations among 
the nanostructural features and functional properties, and to understand the physical 
principles behind the observed phenomena.  
 
The objectives of investigation in this chapter are summarized as follows:  
(a) To address the problem caused by the fast evaporation of solvent mixtures 
during spin-coating resulting in rough surfaces and high optical scattering, which 
is essentially required in order to realize the desired transparency of nanohybrid 
thin films;  




(b) To investigate the feasibility of applying an appropriate post-hydrothermal 
treatment to the spin-coated nanohybrid thin films, in order to further promote 
crystallization of the TiO2 phase in the PMMA matrix, and at the same time to 
preserve the integrity of polymer matrix; 
(c) To study the effects of thermal annealing and post-hydrothermal temperatures on 
the nanostructures of hybrid thin films; 
(d) To establish the linear and nonlinear optical properties of the nanohybrid thin 
films, and to correlate them to the nanostructural features of the hybrid thin 
films;  
(e) To understand the physical principles responsible for the nonlinear optical 
phenomena observed for the nanohybrid thin films.  
 
 
6.3. RESULTS AND DISCUSSION 
6.3.1.  Preparation of nanohybrid thin films 
6.3.1.1.   Solution modification 
Fast solvent evaporation during spin coating resulted in rough and opaque thin films 
for certain nanohybrid compositione, i.e., 60 wt % of titanium alkoxide and 40 wt % 
of MMA + MSMA (sample T60). Accordingly, the organic and inorganic constituents 
tended to undergo separation during spin coating. In order to address this problem, the 
solution preparation route is modified from the standard in situ sol−gel 
polymerization process described in Section 2.2.1 of Chapter 2. In addition to ethyl 
alcohol (Et-OH), ethylene glycol monomethyl ether (EGME) and ethylene glycol 




(EG) were used to dissolve the inorganic precursor. According to a preliminary 
observation using optical microscopy, the spin coated thin films prepared using 
EGME and EG as additional solvents for the inorganic precursor were smooth and 
transparent. The evaporation rate of mixture solvent during spin coating is much 
slower than that of ethyl alcohol on its own, resulting in a desired hybrid mixture of 
60 wt % of titanium alkoxide and 40 wt % of MMA + MSMA. There were no severe 
cracks, peeling or blistering observed upon drying, annealing and/or water vapor 
treatment.  
 
6.3.1.2.   Thermal and water vapor treatment on thin films  
To vary the nanocrystallinity of TiO2 phase, the spin coated-thin films were divided 
into two groups, i.e., those treated with conventional annealing and those treated with 
water vapor. In the first group, the thin film was dried at 60 oC for 5 minutes and the 
sample was termed as T60-A. Another thin film, following the drying at 60 oC, was 
further annealed at 150oC for 24 hours (sample T60-B). In the second group, after 
drying at 60 oC, the samples were exposed to water vapor in a Teflon-lined stainless 
steel autoclave. In order to prevent samples from direct contact with liquid water, a 
specially designed stand was placed inside. The technical detail of the process is 
described in Section 2.2.2.2 of Chapter 2. The autoclave containing thin film samples 
and about 25 ml of purified water was kept at 110 oC (sample T60-C) and at 150 oC 
(sample T60-D) for 24 hours, respectively. Another sample was also prepared by 
drying at 60 oC for 5 minutes and annealing at 110 oC for 15 minutes, prior to the 
water vapor treatment at 150 oC for 24 hours (sample T60-E). 




6.3.2.   Formation of TiO2 phase  
Figure 6.1 shows the FTIR spectra for the nanohybrid thin films prepared via different 
treatment routes over the range 4000−400 cm-1. A broad absorption centered in the 
range of 3400−3500 cm-1 assigned to hydroxyl groups of Ti−OH was observed for all 
thin films The stretching vibration bands of C=O and C−H bonds in the PMMA 
segments are shown at 1737 and 2950 cm-1, respectively [3]. The intensities of these 
two bands are found to be stronger on the post-treated thin films (T60-B, C, D and E) 
as compared to that of as-dried one (T60-A). On the other hand, the intensity of C=C 
band at 1650 cm-1 decreases. These results indicate that polymerization of MMA 
monomer had taken place during heating process at temperatures higher than 110 oC 
[4]. The band over the range of 1003−1258 cm-1 is assigned to the stretching vibration 
of C−O−C bond, which was observed for all thin films.  
A strong and broad absorption band ranging from 900 to 400 cm-1 is shown clearly for 
all post-treated thin films, except the sample annealed in dry atmosphere at 150oC 
(T60-B). As has been discussed in the previous chapters, this peak, centered at ~650 
cm-1, is accounted for by the vibrations of Ti−O−Ti groups and is regarded as the 
characteristic peak for TiO2 [5]. It can be seen that a less intensive peak of this band 
also exists with samples T60-A and T60-B at 650 cm-1. Its intensity is more 
pronounced with thin film T60-B as compared to that of T60-A, suggesting the onset 
formation of TiO2 after annealing at 150oC. An additional band at ~450 cm-1, which 








































There is a possibility that several peaks corresponding to PMMA such as C=O and 
C−H bonds at 1737 and 2950 cm-1 overlap with those for organic solvents, i.e. EG and 
EGME.  However, a previous study by Matsuda et al. [7] and Matsuda and co-
workers [8] confirmed that such organic solvents were effectively leached out from 
the TiO2−SiO2 films immersed in the hot water at relatively low temperature and for 
short period of time (i.e., 97 oC; 1 minute). Therefore, the water vapor treatment in 
this study effectively removed these solvents, and therefore, the remaining organic 
Figure 6.1.  FTIR spectra of TiO2−PMMA nanohybrid thin films T60-A, T60-B, 

































substances belong to PMMA matrix only. This is further confirmed by the results of 
TGA and AFM studies. 
It is of interest to compare among the water vapor treated samples (T60-C, D and E). 
Firstly, it was observed that T60-E exhibited a relatively lower intensity of Ti−OH 
band in the range of 3400−3500 cm-1 and higher intensity of Ti−O−Ti band at ~650   
cm-1, as compared to T60-C and T60-D, which will be further discussed in 
connection with the phase analysis of XRD. Secondly, the intensities of C−H, C=O 
and C−O−C at 2950, 1737 and 1150 cm-1 for T60-C and T60-D decrease as the 
temperature of water vapor treatment increases, i.e., from 110 to 150 oC. This is due 
to the leaching out of some organic segments in PMMA by water molecules, together 
with removal of EG and EGME. However, it was not the case for T60-E, where the 
intensities of those peaks were maintained and were comparable to those of T60-B, 
which was conventionally annealed without the involvement of any water vapor. 
Figure 6.2 shows XRD patterns of the nanohybrid thin films prepared by the 
conventional annealing and water vapor treatment. It is obviously shown that the 
conventionally annealed sample T60-B exhibits a weak peak at 2θ of 55.08o 
corresponding to (211) crystal plane of anatase TiO2 phase. Low intensity of this peak 
indicates that the film was still largely amorphous, as expected. By contrast, the water 
vapor treated T60-C demonstrated enhanced crystallization, which is represented by a 
slightly higher peak intensity of the same crystal plane, and the appearance of 
additional diffraction peaks at 2θ of 25.35o and 48.12o corresponding to (101) and 
(200) crystal planes. Further increase in intensity of these peaks is demonstrated by 
T60-D. A much more enhanced TiO2 crystallization is obviously shown by T60-E, 




where these peaks become much more intense and are accompanied by an additional 












The FTIR and XRD results presented above strongly suggest that the crystallinity of 
TiO2 in TiO2-PMMA nanohybrids has been significantly enhanced by water vapor 
treatment at relatively low temperatures. Referring back to the model proposed by 
Imai and co-workers [9,10], this is due to the cleavage of strained Ti−O−Ti bonds in 
nanohybrids by water molecules. Furthermore, this cleavage mechanism results in 
formation of flexible Ti−OH and thus more stable, densified Ti−O−Ti bonds, which 
in turn rearrange and crystallize into TiO2 nanoparticles. Comparing between T60-D 
Figure 6.2.  XRD patterns of TiO2−PMMA nanohybrid thin films T60-A, T60-































and T60-C, it is understood that the water vapor treatment at 150 oC led to a higher 
degree of crystallinity than that at 110 oC. This was due to the higher vapor pressure 
involved, inducing a greater number of bond cleavages in the former. This was 
supported by XRD patterns between those two samples in Figure 2, where the 
diffraction peak at 2θ of 25.35o for T60-D, for example, is somewhat sharper than that 
of T60-C. This is also in agreement with the observation by Wang and Ying [11] on 
the hydrothermal process of nanocrystalline titania, where the particle size grew from 
6 to 10 and finally to 28 nm when the processing temperature was varied from 80 to 
180, and to 240oC. 
It is of interest to note that an additional annealing step at 110 oC, prior to water vapor 
treatment at 150 oC (sample T60-E), can further enhance the TiO2 crystallinity, as 
compared to those directly exposed to water vapor at 110 and 150 oC (samples T60-C 
and D). From the FTIR analysis, it is shown that the intensity of Ti−OH band of T60-
E is relatively lower than others, while the intensity of Ti−O−Ti band is higher. It 
suggests that more Ti−OH groups had been converted to form flexible Ti−O−Ti and 
thus TiO2 nanocrystallites. A possible explanation for this is related to the formation 
of TiO2 nuclei by initial annealing process at 110 oC. As has been observed with T60-
B in Fig. 6.1, the occurrence of these nuclei is represented by the stretching vibration 
of Ti−O bonds at 450 cm-1 and a weak intense peak of Ti−O−Ti at 650 cm-1. 
Subsequent water vapor treatment at 150 oC thus involved these nuclei when the 
flexible Ti−O−Ti bonds were rearranged leading to formation of TiO2 
nanocrystallites. Such involvement of nuclei was not possible in the case of the films 
with direct water vapor treatment at 110oC (T60-C) or at even higher temperature, 
i.e., 150 oC (T60-D).  
 




6.3.3.   Morphology of nanoparticles and size distribution  
Figures 6.3a−6.3d are the bright-field HRTEM micrographs of the nanohybrid thin 
film samples showing the presence of TiO2 nanoparticles in a largely amorphous 
PMMA matrix. Accordingly, the corresponding size distribution of TiO2 crystallites 
in each sample is given in Figures 6.4a−6.4d. The figures show that the average 
crystallites sizes of TiO2 nanoparticles in these samples are rather different. The 
average crystallite size and standard deviation are 4.0 ± 1.0, 5.0 ± 1.77, 7.7 ± 1.6 and 
9.1 ± 1.5 nm for T60-B, T60-C, T60-D and T60-E, respectively. By contrast to the 
narrow crystallite size distribution for the conventionally annealed sample T60-B, the 
standard deviations of the nanohybrids treated with water vapor are somewhat larger, 
indicating an apparent crystallite growth. 
There are other characteristic differences among these nanohybrid samples. Firstly, in 
terms of particle morphology, TiO2 in T60-B as shown in Figure 6.3a occurs as nearly 
spherical nanoparticles, which are rather uniformly dispersed in the PMMA matrix, 
although they are apparently lack of crystallinity. The poor nanocrystallinity of this 
sample was further indicated by the appearance of faint halo rings in the associated 
selected area diffraction (SAD) pattern in the inset. By contrast, T60-C in Figure 6.3b 
shows a tendency of crystallite aggregation, together with a clear enhancement in 
crystallinity. This explains the observation that it exhibits a relatively wide particle 
size distribution. A similar behavior is seen for T60-D and T60-E shown in Figures 
















































Figure 6.3  High resolution transmission electron microscopy (HRTEM) images 
of TiO2−PMMA nanohybrid thin films (a) T60-B, (b) T60-C, (c) T60-D, and (d) 
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Secondly, TiO2 nanoparticles in T60-B did not demonstrate clear lattice fringe. On the 
other hand, T60-C shows obvious lattice fringe in some of the TiO2 nanoparticles. 
Accordingly, the SAD pattern of this sample demonstrates a notable difference with 
that of sample T60-B. The lattice fringe becomes more obvious for T60-D and T60-
E, indicating the further established crystallinity of TiO2 particles. The d-spacing of 
lattice fringe shown in Figure 6.3d is measured to be 0.352 nm, which is in a good 
agreement with d-value of (101) crystal plane in anatase titania. Detailed 
measurements of the SAD diffraction rings for samples T60-D and E by using 
Diameter (nm)






















































































Figure 6.4  Size distribution of TiO2 crystallites of nanohybrid thin films (a) 
T60-B, (b) T60-C, (c) T60-D, and (d) T60-E. 




Equation 2.6 confirmed that they correspond to the (100), (101), (200) and (212) 
crystal planes of anatase titania, supporting the result of XRD studies. 
Based on the HRTEM studies above, it is also found that there is an increase in the 
average particle size of TiO2 in PMMA. This is consistent with what has been shown 
by the XRD traces in Figure 6.2, where the peak intensity and width of (101), (112) 
and (200) vary dramatically by the water vapor treatment. For example, the full width 
at half maximum (FWHM) of (101) for T60-C, T60-D and T60-E was measured to 
be 0.0316, 0.0195 and 0.0170 rad, respectively. The line broadening is expected due 
to the nanocrystalline nature of TiO2 particles and it consistently decreases with the 
growth of crystallite size. Therefore by applying the Scherrer’s equation to these 
values, the average crystallite sizes of TiO2 were calculated to be 4.9, 7.9 and 9.0 nm 
for T60-C, T60-D and T60-E, respectively. The calculated value for T60-D is 
slightly larger than that observed using HRTEM. It still falls into the respective 
standard deviation range. For T60-B, the average crystallite size was not calculated 
due to its amorphous nature. Although it exhibits a weak peak at 2θ of 55.08o 
corresponding to (211) crystal plane, calculation using Scherrer’s equation was not 
possible due to the much broadened peak width. 
 
 
6.3.4.   Stability of polymer matrix  
The integrity of polymer matrix is one of the concerns that should be taken into 
account during water vapor treatments on nanohybrids. This is because the application 
of such water vapor treatment can damage the organic network, resulting in 
breakdown of the nanohybrid structure. Thermal behavior of the TiO2−PMMA 




nanohybrids studied by using thermal gravimetric analysis (TGA) have been 
described in Section 3.3.3 of Chapter 3, including a sample with 60 wt % of titanium 
alkoxide and 40 wt % of MMA + MSMA (T60). It was shown that this sample had a 
decomposition temperature (Td) of ~345 oC. The same study needs to be performed on 
the nanohybrid which has been subjected to water vapor treatment. For this purpose, 
the nanohybrid gel dried at 60 oC for 3 days was treated in water vapor at 150 oC for 
24 hours. Figure 6.5 illustrates the TGA curve of the nanohybrid gel at a heating rate 










Similar to the results obtained in in Chapter 3, the weight loss occurs at four stages, 
namely below 150 oC, between 150 and 335 oC, between 335 and 425 oC, and from 
425 to 700 oC. At below 150oC, the weight loss is due to evaporation of water and 

















Figure 6.5.  TGA curve of T60 at a heating rate of 20 oC/min in nitrogen 
flow. 




it is attributed to the elimination and oxidation of organic compounds, i.e. loss of 
carbon, hydrogen and oxygen in EGME, EG and PMMA. Between 335 and 425 oC, it 
was ascribed to further combustion of remaining organic residuals. This is followed 
by a slowdown in the weight loss rate from 425 to 700 oC, beyond which there was no 
appreciable weight loss. 
From the TGA described above, it can be seen that the decomposition reactions in the 
nanohybrid took place at around 275 oC, which is mainly due to destruction of the 
PMMA segments because of the low bond dissociation energy of C−C bond in the 
main chains. The temperature is low when compared to that discussed in Section 3.3.3 
of Chapter 3, where the decomposition temperature for T60 was observed at ~345 oC. 
However, it is still close to the TGA obtained by Chen et al. [3] who reported a 
decomposition temperature of 281 oC for a nanohybrid contained a similar portion of 
titanium alkoxide precursor (60 wt %). It is presumed that EG and EGME, which 
were involved as additional solvents in the solution synthesizing process, could be 
responsible for the lowered decomposition temperature. 
Further comparison was also performed with the TGA behavior of sample T0 
described in Section 3.3.3, confirming the decomposition temperature of 270 oC for 
PMMA. This supports what are shown by the FTIR that PMMA can withstand the 
water vapor treatment up to 150 oC, which is lower than its decomposition 
temperature, and was able to maintain its integrity with inorganic moiety. On the 
other hand, the water vapor treatment up to 150 oC had successfully removed other 









6.3.5.   Surface topography  
In order to study the effects of thermal and water vapor treatments on the integrity of 
polymer matrix, atomic force microscopy (AFM) was performed. The results for the 
four nanohybrid thin films (T60B−T60E) are given in Figures 6.6a−6.6h. The images 
obtained at large scale (8−10 µm) confirmed what is observed by SEM studies that no 
severe cracks were formed with thin films, as shown in Figures 6.6a, 6.6c, 6.6e and 
6.6g). Based on further studies on selected areas (1 µm) as shown in Figures 6.6b, 
6.6d, 6.6f and 6.6h, it is observed that they all demonstrate near spherical particle 
morphology with average sizes in the range of 40 to 80 nm, corresponding to the 
typical morphology of PMMA aggregates. 
It is also observed that some porous regions had been formed on these thin films as a 
consequence of the removal of organic solvents and organic residuals during the 
annealing and water vapor treatment. The average roughness (Ra) for T60-B, T60-C, 
T60-D and T60-E is 1.73, 2.22, 2.64 and 2.13 nm, while the mean square roughness 
(Rq) is 2.16, 2.82, 3.31 and 2.70 nm, respectively. It can be seen from these AFM 
studies that by applying the direct water vapor treatment (T60-C and T60-D), a 
slightly rougher surface was resulted. In contrast, the sample that has been annealed 
prior to water vapor treatment (T60-E) is comparable to that of the conventionally 
annealed (T60-B). This confirms what was indicated by FTIR that a better integrity of 
PMMA was retained in T60-E, supported by the stretching vibration intensity of 






















































Figure 6.6.  Atomic force microscopy (AFM) images of TiO2−PMMA 









6.3.6.   Linear optical properties  
The linear absorption spectra shown in Figure 6.7 demonstrate that all four 
nanohybrid thin films are highly transparent in the visible region. It can also be seen 
that the samples treated with water vapor (T60-C, T60-D and T60-E) exhibit a higher 
absorbance than that of the conventionally annealed (T60-B). The onset of 
absorbance, as a result of the excitation of electrons from valence band to conduction 
band of TiO2, is observed at about 350 nm in wavelength for T60-B. For T60-C, D 










The differences in absorption wavelength among the nanohybrids indicate the 
difference in band gap energy as affected by the variation in crystallinity of the TiO2 
phase. As has been shown in Section 3.3.4 of Chapter 3, the relationship between the 
Figure 6.7.  UV−Vis spectra of TiO2−PMMA nanohybrid thin films T60-B, T60-






























absorption coefficient α and optical band gap, Eg for fine particles obeys the classical 
Tauc’s equation [12]. Following the same procedure, Tauc’s plots of (αοhν)1/2 versus 
hν for all thin films were constructed and presented in Figure 6.8. The band gap 
energy, Eg are calculated to be 3.48, 3.27, 3.23 and 3.22 eV for T60-B, T60-C, T60-D 











Based on these UV−Vis studies, it is obvious that the nanohybrid thin films treated 
with water vapor demonstrated an Eg comparable to that of pure anatase TiO2 thin 
films, which is in the range of 3.20−3.23 eV. [13,14] This agrees with the 
observations that TiO2 nanoparticles in the water vapor-treated nanohybrids are well 
crystallized on the basis of XRD and HRTEM studies. On the other hand, the 
 
Figure 6.8.  Estimation of the band gap energy, Eg, for TiO2−PMMA nanohybrid 
thin films T60-B, T60-C, T60-D, and T60-E. 




conventionally annealed nanohybrid was confirmed to be rather amorphous. Indeed, 
the dependence of band gap energy on crystallinity has been reported by Gao et al. 
[14] for the titania thin films derived from aqueous peroxotitanate solution and 
annealed at various temperatures up to 700 oC.  
The linear refractive index (no) of the nanohybrids measured at 632.8 nm is 1.643, 
1.651, 1.672 and 1.781 for T60-B, C, D and E, respectively. They show that no of 
T60-C and T60-D is only slightly higher than that of the conventionally annealed thin 
film. However, a much more remarkable increase in no is shown by T60-E. In an 
agreement with the XRD, FTIR and UV−Vis results, this is attributed to the higher 
crystallinity of TiO2 phase, which is also in line with the effects of crystallinity and 
densification of TiO2 on the refractive index has been reported elsewhere [13]. 
 
 
6.3.7.    Nonlinear optical properties 
Figure 6.9 shows the results of nonlinear optical measurement for nanohybrid thin 
films obtained from the open aperture Z-scan with 250 femtosecond laser pulses at 
800 nm. The laser pulses were delivered by a mode locked Ti:sapphire laser with a 
repetition rate of 4.0 MHz and input irradiance of 0.23 GW/cm2, and the minimum 
beam waist ωo of the focused laser beam was measured to be ~7 µm. The open 
aperture Z-scan curves are nearly symmetrical and have a minimum at z = 0 indicating 
that β is positive. This is consistent with the result of previous measurements in 
Chapter 3 and confirms that the two-photon absorption (TPA) as the origin of the 
observed optical nonlinearity for nanohybrids. It takes place when TiO2 nanoparticles 
of lower energy absorb the energy of two photons to excite to the higher energy state. 




In order to obtain the nonlinear absorption coefficient (β), Equation 3.3 was 
employed. The best fitting of this equation to the experimental data from open 
aperture Z-scan of Tn (z) provides β values of 885, 1060, 1320 and 2260 cm/GW for 
T60-B, T60-C, T60-D and T60-E, respectively. In order to check whether any 
thermal-lensing effect was involved, the measurements on each sample were repeated 
with a lower repetition rate of 4 kHz. The result shows no significant differences, 
indicating that the thermal effect is negligible. Furthermore, measurements with 
different input irradiances, ranging from 0.23 to 5.90 GW/cm2, were conducted. It 
was observed that the results are independent of the laser irradiance, which implies 










Similar to the open aperture results, the positive nonlinearity is demonstrated by the 
closed aperture Z-scans as shown in Figure 6.10, where the normalized transmission 
Figure 6.9.  Open aperture result of Z-scan measurement for TiO2−PMMA 
nanohybrid thin films, performed with 800 nm, 250 femtosecond laser pulses at a 
repetition rate of 4 MHz. The input irradiance used was 0.23 GW/cm2 and the beam 
waist ωo was ~7 µm. The solid lines are the best fitting by using the Z-scan theory 
[13]. 


































exhibits a pre-focal transmission minimum (valley), followed by a post-focal 
transmission maximum (peak). The best fitting of n2 with Equation 3.5 provides 
values of 1.3 x 10-2, 1.6 x 10-2, 1.8 x 10-2 and 6.2 x 10-2 cm2/GW for nanohybrid thin 










By using Equation 3.6 and 3.7, the imaginary part of the third-order nonlinear optical 
susceptibility, Im χ(3) for T60-B, C, D and E is calculated to be 0.58 x 10-9, 0.70 x 10-
9, 0.90 x 10-9 and 1.74 x 10-9 esu, respectively, while the real part of the third-order 
nonlinear optical susceptibility, Reχ(3) is 0.88 x 10-9, 1.10 x 10-9, 1.27 x 10-9 and 4.97 
x 10-9 esu, respectively. Finally, calculation using Equation 3.8 provides the absolute 
third-order susceptibility χ(3) values of 1.05 x 10-9, 1.30 x 10-9, 1.56 x 10-9 and 5.27 x 
10-9 esu for T60-B, T60-C, T60-D and T60-E, respectively. These values are 
comparable to that obtained for a conjugated porphyrin polymer [16], which is one of 
Figure 6.10.  Closed aperture result of Z-scan measurement for TiO2−PMMA 




































the largest one-photon off-resonant third-order susceptibilities studied to date, where a 
value of 2.08 ± 0.43 x 10-9 esu was measured using degenerate four-wave mixing 
(DFWM) technique at 1064 nm. The values obtained in the present study are two 
orders of magnitude higher than those of inorganic compositions, i.e. bulk titania [17] 
and TiO2−SiO2 nanocomposites [18]. Further comparison shows that T60-E, which is 
a nanohybrid with an enhanced crystallinity, demonstrates a χ(3) value that is three 
times higher than that of T60-B which is considered as an amorphous nanohybrid. It 
is, therefore, of interest to explore the reason behind this significant enhancement.  
 
 
6.3.7.1.   Exciton energy analysis  
Based on the positive nonlinearity shown by the open aperture z-scan results, i.e., the 
symmetrical curve with a minimum at z = 0, the two-photon absorption (TPA) was 
confirmed as the origin of the observed optical nonlinearity for nanohybrids in this 
study. It implies that there must be two-photon energy required to excite the electron 
from the ground state to the higher energy level. The two-photon energy resulting 
from the laser pulses is 3.105 eV, since the wavelength used in this study was 800 nm. 
This value falls below the band-gap energies of the nanohybrids estimated from the 
onset of UV absorbance using the Tauc’s equation. This fact therefore strongly 
supports that nonlinear optical response for the samples investigated in this study 
takes place below their band-gap energies and the existence of an exciton level just 
below them is very likely to generate a resonance responsible for the two-photon 
absorption. The lowest state of exciton energy, Eexc for TiO2 nanoparticles can be 
estimated by using the modified Brus formula as follows [19]: 













   (6.1) 
where Eg is the band gap energy of anatase TiO2 (3.20 eV), Ry is Rydberg energy unit, 
aB is exciton Bohr radius in bulk TiO2, and R is the particle radius. This formula is 
derived from the original Brus formula (Equation 2.5) and gives a simplification to 
show the dependence of exciton energy on the radii of TiO2 nanoparticles. Based on 
the Brus formulation [20], the Rydberg energy unit, Ry and Bohr radius, aB 
themselves can be described as:  
     22
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2 hε







h=       (6.3)  
The value of µ for both equations can be obtained from: 
he mm
111 +=µ     (6.4) 
The description of each notation above has been described in Section 2.3.2.2. For 
calculation purposes, R is determined as half of the crystallite size measured from 
HRTEM studies for each nanohybrid. Taking into account ε = 12, me = 10mo and mh = 
0.8mo with mo being the mass of a free electron [19], Equation 6.1 provides estimated 
exciton energy, Eexc, of 3.16–3.45, 3.12–3.37, 3.107–3.13 and 3.109–3.110 eV for 
T60-B, T60-C, T60-D and T60-E, respectively. The range of Eexc was obtained from 
the calculation with Equation 6.1 by taking into account the respective standard 
deviation of R for each sample. The results are presented in Figure 6.11.  
 






















Figure 6.11.  (a) Plots of the exact range of particle radii and the respective 
estimated exciton energy, Eexc, using Brus formula for TiO2−PMMA nanohybrid thin 
films T60-B, T60-C, T60-D, and T60-E. (b) Enlarged area for the exciton energy of 































































The curves in Figure 6.11a are plots of the theoretical exciton energy using the Brus 
formula with the input of arbitrary particle radii, R ranging from 1.5 to 10 nm, while 
the four dashed-rectangles represents the exact range of R for each nanohybrid in the 
horizontal side and resultant Eexc, in the vertical side. It is thus of interest to note that 
the respective χ(3) values (i.e. 1.05 x 10-9, 1.30 x 10-9, 1.56 x 10-9 and 5.27 x 10-9 esu 
for T60-B, T60-C, T60-D and T60-E, respectively) increase following the sequence 
given by the closeness between their exciton energy and the the horizontal line of 
two-photon laser energy which is 3.105 eV. This indicates the extent of resulting 
resonance leading to the nonlinear optical response. It is clearly seen in Figure 6.11b 
that T60-E provides a range of particle size which results in the closest exciton energy 
level to the two-photon laser energy. The very narrow range of exciton energy 
observed for this sample also suggests a distribution of the statistically similar exciton 
energy levels contributing to the highest resonance. This explains why T60-E 
demonstrates a much higher two-photon absorption and thus a χ(3) value than those of 
other nanohybrids.  
 
6.3.7.2.    Dielectric confinement analysis 
The nonlinearity observed for the nanohybrids in this study can also be analyzed from 
the perspective of dielectric confinement effect. As already discussed in Section 3.3.4, 
Ai et al. [21] and Wu et al. [22] proposed that such an effect was resulted from a 
surface polarization between semiconductor nanoparticles having a higher refractive 
index and polymer matrix possessing a lower refractive index. Strong electrical 
charge interaction between them results in an electric dipole layer at the nanoparticle 
surface which in turn accelerates the separation of excited charges responsible to two-
photon absorption. Furthermore, as proposed by Wang [23] and Gan [24], this effect 




can be enhanced by either raising the refractive index of the semiconductor 
nanoparticles or lowering the refractive index of the polymer matrix. Indeed, the 
population or concentration of semiconductor nanoparticles also plays an important 
role in nonlinear optical responses. D’Amore et al. [25] suggested that the effects of 
both dielectric confinement and nanoparticle concentration can be modeled 
quantitatively by the expression: 
)3(4)3()3( )1( dotcmnanohybrid pfp χχχ +−=     (6.5)  
  
where )3(nanohybridχ , )3(mχ and )3(dotχ  are the third order nonlinear susceptibility of the 
nanohybrid, matrix and quantum dots, p is the volume fraction and fc is the local field 










f −=     (6.6) 
Here, nm is the refractive index of the matrix and ndot is that of quantum dots, which 
can be substituted with that of the bulk constituent. The value of )3(dotχ  for this 
equation can be substituted with the expression:  
χ(3)dot  = αsf χ(3)bulk    (6.7) 
where )3(bulkχ  is the third-order nonlinear susceptibility of the bulk constituent and αsf is 
a scaling factor.   
For the TiO2−PMMA nanohybrids investigated in this chapter, the open and closed Z-
scan results demonstrate that χ(3) value increases in accordance with the enhancement 
in nanocrystallinity of TiO2 phase and thus linear refractive index, following the 




sequential increase given by T60-B to T60-E. TiO2 nanoparticles in T60-E exhibited 
a much enhanced crystallinity and thus a higher refractive index, leading to the 
observed nonlinear optical responses. It should be noted that the two parameters are 
correlated with the concentration (or volume fraction, p) of TiO2 nanoparticles. In 
addition, as confirmed by FTIR, the integrity of PMMA matrix was largely 
maintained, providing a medium having lower refractive index surrounding those high 
refractive index TiO2 nanoparticles. The accumulative effects result in an 
enhancement in dielectric confinement effect responsible for nonlinear optical 
responses in T60-E. On the basis of this consideration, it is of interest therefore to 
confirm whether the above model can be applied to the nanohybrids in this study and 
explain quantitatively the observed variation in third-order nonlinearity.  
For the purpose of calculation, the volume fraction of TiO2 nanoparticles was 
estimated from the results of HRTEM studies, where an appropriate sampling 
technique was performed. This provides a p value of 0.23, 0.30, 0.33 and 0.43 for 
T60-B, T60-C, T60-D and T60-E, respectively. The third-order nonlinear 
susceptibility of PMMA matrix, )3(mχ  can be taken as  3 x 10-14 esu [26], while the 
)3(
dotχ  value for TiO2 nanoparticles is assumed to be one order higher than its bulk 
(anatase) value, which is 2.4 x 10-12 esu [17], or the scaling factor αsf is assumed to be 
around 10. The value is selected by taking into account of the enhancement in optical 
nonlinearity of semiconductor dots due to the quantum confinement effect. The value 
of f for each nanohybrid was calculated using the no data obtained from the linear 
refractive index measurement. The calculated χ(3) value from Equation 6.5 is 1.16 x 
10-9, 1.60 x 10-9, 2.07 x 10-9 and 7.55 x 10-9 esu for T60-B, T60-C, T60-D and T60-E, 
respectively. The value for T60-E is thus much larger than those of the other three, 




arising from a much higher TiO2 nanoparticle concentration, in addition to the 
contribution from the local field effect. A comparison of these values with their 
respective experimental data is given in Figure 6.12. They clearly show that the 
experimental and calculated results are comparable, and the sequential increase in the 
experimental χ(3) values shown by T60-B to T60-E is consistent with the calculation. 
The observed discrepancy between them can be accounted for by the errors in 
estimation of TiO2 nanoparticle concentration. Therefore, it can be concluded that the 
model is applicable to the nanohybrids confirming that the TiO2 nanoparticle 
concentration as well as the surface polarization effect play important roles in the 












Figure 6.13.  Comparison between the experimental and calculated χ(3) values for 

































6.4 .   REMARKS 
A mixture solvent consisting of ethylene glycol monomethyl ether (EGME) and 
ethylene glycol (EG) was successfully employed in the in situ sol−gel polymerization 
route to synthesize transparent nanohybrid thin films of TiO2−PMMA. Due to the 
lowered evaporation rate, segregation between the inorganic and organic precursors 
during spin coating was prevented. The resulting nanohybrid thin films were smooth 
and had no serious macro-cracks, peeling or blistering. A remarkably enhanced 
nanocrystallinity of the TiO2 phase is obtained by the application of appropriate 
thermal and water vapor treatments. The nanohybrid thin films subjected to an 
appropriate post-hydrothermal treatment shows a higher degree of TiO2 crystallinity, 
as compared to that subjected to the conventional thermal annealing. This is related to 
the cleavage of strained Ti−O−Ti bonds in the nanohybrids by water molecules, 
which effectively increases the number of flexible Ti−OH groups and densified 
Ti−O−Ti bonds promoting crystallization of TiO2 in the presence of PMMA. The 
post-hydrothermal treatment at 150 oC led to a higher degree of crystallinity than that 
at 110 oC, as a result of the higher vapor pressure involved, inducing a greater number 
of bond cleavages in the former.   
A further significant enhancement in crystallinity was observed when an additional 
thermal annealing at 110oC was introduced prior to the water vapor treatment at 150 
oC. FTIR study confirms this is due to the involvement of TiO2 nuclei in the 
subsequent rearrangement of the Ti−O−Ti bonds during water vapor treatment. The 
pre-annealing prior to post-hydrothermal helps to retain the integrity of PMMA 
matrix, leading to a smooth nanohybrid thin film, as confirmed by AFM studies.  




HRTEM studies revealed that the TiO2 nanocrystallites in PMMA are 5 to 9 nm in 
sizes, which were also confirmed by phase analysis using XRD. A significant 
enhancement in linear refractive index, no, up to 1.780 at 632.8 nm in wavelength was 
realized, as a result of the enhancement in crystallinity of TiO2. The nanohybrid thin 
films are highly transparent in the visible region, with an estimated band gap energies, 
Eg, close to that of anatase TiO2 (~3.20 eV). The crystallinity of TiO2 in nanohybrids 
also strongly affects their nonlinear optical responses. A two-photon absorption 
coefficient (β) of as high as 2260 cm/GW and a nonlinear refractive index (n2) of as 
high as 6.2 x 10-2 cm2/GW were demonstrated with the nanohybrid exhibiting the 
enhanced crystallinity. The observed nonlinear optical behavior have been discussed 
on the basis of both the exciton energy and dielectric confinement analyses.  
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7.1. OVERALL CONCLUSIONS 
Nanohybrids consisting of TiO2 nanoparticles in PMMA matrix have been 
successfully synthesized in this project via in situ sol−gel polymerization. The 
nanohybrids were investigated thoroughly for their nanostructural features and optical 
properties. In particular, the effects of various sol−gel parameters on the formation of 
inorganic TiO2 phase in the nanohybrids were studied. While the TiO2−PMMA 
nanohybrid thin films derived from the in situ sol−gel polymerization are largely 
amorphous, the mechanisms responsible for the low crystallinity of TiO2 phase were 
made understandable. In this connection, several approaches were taken in order to 
enhance the nanocrystallinity of TiO2 phase in nanohybrids, while at the same time 
maintaining the integrity of organic matrix.  
In situ sol−gel polymerization gave rise to largely amorphous phase of TiO2 in the 
nanohybrids derived from 20−60 wt % titanium alkoxide precursor, whereas that from 
80 wt % titanium alkoxide precursor was a mixture of amorphous and semi-crystalline 
TiO2 phases in PMMA matrix. While a rather uniform dispersion of TiO2 
nanoparticles of ~5.5−7.5 nm in polymer matrix was achieved in the nanohybrid thin 
films with inorganic precursor up to 60 wt %, particle aggregation occurred in the 
nanohybrid with 80 wt % inorganic precursor, where the nanocrystalline TiO2 
particles occur as aggregates of ~100−200 nm in size. Their absorption edge shows an 
increase from 350 to 380 nm with rising of inorganic precursor loading up to 60 wt  
%, followed by a fall to ~360 nm at 80 wt %. Similarly, their third-order nonlinear 
optical susceptibility χ(3) was raised from 0.14 x 10-9 esu for 20 wt % to 1.93 x 10-9 
esu for 60 wt %, followed by a fall to 0.84 x 10-9 esu at 80 wt %. The highest χ(3) 
value was obtained with the nanohybrid containing 60 wt % inorganic precursor, 
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where a desired number of TiO2 nanoparticles was achieved, leading to the enhanced 
quantum and dielectric confinement effects. Several processing parameters involved 
in the sol−gel and in situ polymerization including the annealing temperature, 
coupling agent concentration, pH value and water to alkoxide ratio, were varied in an 
attempt to enhance the nanocrystallinity of TiO2 phase in nanohybrids. Fast 
development of stiff Ti−OH networks by condensation and entrapment by the rigid 
polymer matrix are responsible for the largely amorphous TiO2 phase in nanohybrids.  
To enhance the nanocrystallinity of TiO2 phase, the formation sites for TiO2 
nanoparticles in nanohybrids were further controlled by copolymer templating using 
poly(methylmethacrylate)-b-polyethylene oxide (PMMA−PEO) diblock copolymer. 
For this, a solvent modification with the mixture of tetrahydrofuran (THF) and water 
in a proportional volume ratio of 50 % was attempted in order to enable the diblock 
copolymer as an effective template. The undesired premature precipitation of TiO2 
precursor, as a consequence of the high water content involved, was prevented by 
adjusting the solution pH level to 0.33. With proper control of the processing 
parameters involved, nanoarrays consisting of TiO2 nanoparticles were successfully 
assembled in the hexagonal-like and cubic-like hierarchical structures. The effects of 
various thermal annealing parameters including temperature, time and heating rate on 
the templating and the resulting nanoparticles arrays were established. A significant 
enhancement in nanocrystallinity of the TiO2 phase in nanohybrids was achieved by 
the application of an appropriate hydrothermal treatment in high-pressure water vapor 
at 150 oC, which triggers structural rearrangement facilitating the growth of TiO2 
nanocrystallites. The enhanced nanocrystallinity led to a red shift in the absorbance 
edge towards higher wavelength in the UV region and a lower photoluminescence 
intensity of the nanohybrid thin film. 
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To further enhance the nanocrystallinity of TiO2 phase in nanohybrids, hydrothermal 
conditioning in high-pressure water vapor at different stages of sol−gel and in situ 
polymerization was employed. An appropriate pre-hydrothermal conditioning on the 
inorganic sol precursors is effective to enhance the nanocrystallinity of TiO2 phase, 
due to the suppression in development of the stiff Ti−OH networks via fast 
condensation. However, when the pre-hydrothermal TiO2 sol precursor was mixed 
into the organic matrix, a largely amorphous TiO2 phase was resulted. This is due to 
the entrapment of the pre-hydrothermal inorganic species by the rigid organic 
networks, leading to strong hindrance effect against further condensation of Ti−O−Ti 
bonds. In contrast, a remarkably enhanced nanocrystallinity was realized by cleavage 
of the strained Ti−O−Ti bonds, resulting in the formation of flexible Ti−OH 
networks, which undergo rearrangement and densification giving rise to 
nanocrystalline TiO2 phase. Indeed, a much more pronounced crystallinity was 
obtained when an appropriate post-hydrothermal treatment was applied on the pre-
annealed nanohybrids, where the provision and involvement of TiO2 nuclei contribute 
to the growth of TiO2 nanocrystallites.  
Post-hydrothermal treatment was applied to the nanohybrid thin films, in order to 
further enhance the nanocrystallinity of TiO2 phase. In this connection, a solvent 
modification was first made with ethylene glycol monomethyl ether (EGME) and 
ethylene glycol (EG), which successfully lowered the evaporation rate and prevented 
segregation between the inorganic and organic precursors, giving rise to smooth and 
transparent films. The nanohybrid thin films upon post-hydrothermal treatment shows 
much enhanced crystallinity as compared to that of the film subjected to conventional 
thermal annealing. In particular, post-hydrothermal treatment at 150 oC led to a much 
higher degree of crystallinity than that at 110 oC. A further significant enhancement in 
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crystallinity was observed when an additional annealing at 110 oC was introduced 
prior to the hydrothermal treatment at 150 oC, where TiO2 nanocrystallites of 9.09 + 
1.51 nm were observed. On the one hand, this confirms the involvement of TiO2 
nuclei generated by the pre-annealing in the subsequent rearrangement of the 
Ti−O−Ti bonds. On the other hand, the pre-annealing also helps to retain the integrity 
of PMMA matrix against the leach out by the high-pressure water vapor during 
hydrothermal process, leading to a smooth nanohybrid thin film. The TiO2 
nanocrystallinity significantly affects both linear and nonlinear optical responses of 
the nanohybrids. A significant improvement in linear refractive index, no, up to 1.780 
and third-order nonlinear optical susceptibility, χ(3) as high as 5.27 x 10-9 esu, was 
demonstrated by the nanohybrid thin film which has been pre-annealed at 110 oC 
followed by hydrothermal treatment at 150 oC. The much enhanced nonlinear optical 
responses are accounted for by the surface polarization or dielectric confinement 
effect arising from the well established nanocrystallinity of TiO2 providing higher 
refractive index and well preserved PMMA matrix of lower refractive index. TiO2 
nanocrystallites of ~9 nm in sizes facilitate the closest exciton energy to two-photon 
laser energy, leading to the strongest resonance for nonlinear optical responses.  
 
7.2. SUGGESTIONS FOR FUTURE WORK 
Given the much enhanced nanocrystallinity and high linear refractive index (no) at a 
wavelength of 800 nm up to ~1.780 for the TiO2−PMMA nanohybrid films achieved 
in the project, it will be of interest to explore their applications in planar waveguides, 
optical coatings, and photonic band gap grating. In addition, with their excellent 
nonlinear optical responses, i.e., a very fast recovery time of ~1.5 picoseconds and a 
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large third-order nonlinear optical susceptibility, χ3 up to 5.27 x 10-9 esu at 
wavelength of 800 nm, they are promising for applications in nonlinear optical 
switching devices. A further study towards device fabrication can be made on the 
basis of the findings obtained in this project. In this connection, to establish a 
straightforward relationship between the nanostructural features and the relevant 
functional behavior will be of value.  
Despite of their amorphous nature, highly ordered TiO2 nanoparticle arrays in PMMA 
realized by diblock copolymer templating are indeed worth for further investigation. 
By properly controlling the post-hydrothermal parameters including temperature and 
time, nanocrystalline TiO2 dots in well preserved configuration promise for enhanced 
properties.  
For a better understanding on the interactions between the inorganic and organic 
networks, Nuclear-Magnetic Resonance (NMR) spectroscopy can be employed. 
Coupled with other analytical techniques such as Raman, Extended X-Ray Absorption 
Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES), it will 
be possible to fully understand the short range order structures of TiO2 nanoparticles 
and their interactions with organic network at known stages of nanostructure 
development. 
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